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Abstract
Growth is the ultimate response of an organism to its environment. The objective 
of this study was to compare growth of lake whitefish (Coregonus clupeaformis) in Lake 
Erie and Lake Ontario, from 1954 to 2003.
Trends in lake whitefish abundance were similar in Lake Erie and Lake Ontario 
from the 1950s until 1990, when abundance began to decline in Lake Ontario while 
remaining relatively stable in Lake Erie. Although both lakes have undergone similar 
environmental changes, from decreasing phosphorous loading to invasion by dreissenid 
mussels, declining growth and condition were more pronounced in Lake Ontario. Trends 
in abundance, growth, and condition of lake whitefish from Lake Erie and Lake Ontario 
were compared for the period 1990 to 2003. In 2003, lake whitefish were collected from 
both lakes to describe seasonal diet, energy density, and female GSI. Growth, described 
as length-at-age, declined significantly in Lake Ontario but did not change in Lake Erie. 
Lake whitefish energy density (J/g wet mass) was significantly higher in Lake Erie than 
in Lake Ontario. Biological attributes of lake whitefish from Lake Erie did not change 
greatly from 1990 to 2003 while fish from Lake Ontario exhibited signs of stress, 
including decreased size-at-age and condition.
Limited data were available for earlier time periods in both lakes to evaluate 
growth responses to ecosystem change. Retrospective analysis of growth was conducted 
using archived lake whitefish scales from Lake Erie and Lake Ontario during three 
distinct time periods: 1) pre-phosphorous abatement, 2) post-phosphorous abatement but 
pre-dreissenid invasion, and 3) post-dreissenid colonization. Decreased growth rate in the 
first two years of life were observed in both lakes during the third time period compared 
to the first time period. Changes in early growth had long-term effects on size-at-age of
iii
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adults. Bioenergetics modeling revealed changes in diet composition produced more of a 
change in growth than temperature. Analysis of stable carbon and nitrogen isotopic ratios 
from archived scales were used to infer dietary preference during the three time periods. 
In both lakes, carbon isotopic ratios decreased significantly in the third time period 
suggesting a more pelagic carbon source than in the past.
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Introduction
Factors influencing growth and abundance of fishes have long been of interest to 
researchers. Growth and survival of young fish are closely related and depend upon a 
variety of factors including food availability (Freeberg et al. 1990) and environmental 
conditions (Christie 1963; Hardy 1994). Similarly, growth rate and body condition of 
adult fish depend on biotic and abiotic factors such as food availability, water 
temperature, and dissolved oxygen (Brett 1979; Weatherley and Gill 1987). Estimation of 
age, growth and abundance of fishes are important in fisheries science to ensure 
sustainable harvests of exploited species.
Lake whitefish (Coregonus clupeaformis) stocks have supported important 
commercial fisheries throughout the Great Lakes since the late 1880s (Baldwin et al. 
2002). Historic harvest data from commercial fisheries on Lake Erie and Lake Ontario 
suggest that abundance of lake whitefish in these two lakes has varied widely. During the 
1960s and early 1970s, only remnant populations of lake whitefish existed in Lake Erie 
(Cook et al. 2005) and Lake Ontario (Casselman et al. 1996). In Lake Ontario, studies in 
the 1950s and 1960s suggested that stress caused by exploitation pressure helped to 
explain declines in abundance (Christie 1968). Cultural eutrophication as well as parasitic 
or predatory mortality on lake whitefish eggs, juveniles and adults by exotic species such 
as rainbow smelt (Osmerus mordax), white perch (Morone americana) and sea lamprey 
(Petromyzon marinus) also contributed to reduced lake whitefish abundance (Christie 
1972; Hartman 1972). In the late 1970s through the 1980s, lake whitefish populations in 
Lake Erie and Lake Ontario increased in abundance. Commercial harvest management 
that included gear, season and quota restrictions contributed to the re-establishment of the 
lake whitefish commercial fishery during the recovery period (Hoyle 2005). Water quality
1
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agreements of 1972 and 1978 (International Joint Commission 1978) reduced 
phosphorous loading to target levels by the early 1980s in Lake Erie (Dolan 1993) and 
Lake Ontario (Robinson 1986; Johannsson et al. 1998). Reductions in nutrient loading led 
to increased dissolved oxygen in waters of the hypolimnion during the summer, 
improving lake whitefish habitat (Cook et al. 2005). Decreased rainbow smelt abundance, 
due to increased lake trout (Salvelinus namaycush) and walleye (Stizostedion vitreum 
vitreum) predation, also contributed to increasing lake whitefish abundance in Lake Erie 
(Ryan et al. 1999) and Lake Ontario (Casselman et al. 1986).
Although trends in abundance of lake whitefish were similar in Lake Erie and 
Lake Ontario from the 1950s until the 1990s, trends began to differ in the mid-1990s.
The population in Lake Erie remained relatively stable (Cook et al. 2005), while Lake 
Ontario’s population began to decline (Hoyle et al. 2003). Major ecological changes were 
caused by non-indigenous dreissenid mussels, the zebra mussel (Dreissena polymorpha) 
and the quagga mussel (.Dreissena bugensis), which were abundant in Lake Erie and Lake 
Ontario by the early 1990s (Dermott and Munawar 1993; Dermott 2001). The filtering 
capabilities of dreissenid mussels further reduced chlorophyll-a concentrations in Lake 
Erie (Barbiero and Tuchman 2004) and Lake Ontario (Johannsson et al. 1998) following 
phosphorous abatement in the 1970s. Abundance of zooplankton, which is a conduit for 
energy from primary producers to higher trophic levels such as young-of-the-year fish, 
decreased in Lake Erie (MacDougall et al. 1998) and Lake Ontario (Johannsson 2003) 
during the 1990s. Changes in the deep water benthos of Lake Erie (Dermott and Kerec 
1997) and Lake Ontario (Dermott 2001) resulted in changes in the prey community of 
juvenile and adult lake whitefish. In Lake Ontario, Hoyle et al. (1999) observed decreases
2
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in lake whitefish abundance, growth and condition during the mid-1990s. To date, similar 
declines have not been reported in Lake Erie (Cook et al. 2005).
The purpose of this study was to compare trends in biological attributes, like 
growth, o f  lake whitefish from Lake Erie and Lake Ontario from the 1950s to 2003 using 
current data from the Ontario Ministry of Natural Resources, coupled with historic data. 
Retrospective studies can contribute to understanding of long-term trends in fish 
populations subjected to perturbations, such as phosphorous abatement and invasion by 
dreissenid mussels. Growth is the ultimate response of an organism to its environment; it 
is the net expression of all physiological alterations (Goede and Barton 1990). Responses 
of fish to stress, including changes in growth, condition, and health, indicate the extent to 
which stress may affect fish performance and provide a basis for understanding the 
effects of environmental perturbations on fish populations (Barton et al. 2002). The 
developmental stage of fish is important to consider because it can affect responsiveness 
to stress. A t some life stages fish may be more sensitive to stress, for example during 
metamorphosis (Barton et al. 2002) or when larvae exhaust their endogenous food source 
and begin to  rely on exogenous sources (Freeberg et al. 1990; Brown and Taylor 1992). If 
a stressor is overly severe or long-lasting, fish may not be able to cope with it. Fish may 
enter a distressed state, defined as a time when physiological response mechanisms to 
stress become detrimental to a fish’s health, leading to detectable changes, such as 
changes in growth rate or size-at-age.
The advantage of evaluating long-term changes using historic data from different 
periods of ecological change is that recent changes can be evaluated in a broader context. 
Limited historic data were available, so several approaches were employed to investigate 
growth responses of lake whitefish to ecosystem change. Archived scales from Lake Erie
3
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and Lake Ontario were used to compare growth rate and to back-calculate length-at-age 
of lake wbdtefish during three distinct time periods: 1) pre-phosphorous abatement, 2) 
post-phosphorous abatement but pre-dreissenid invasion, and 3) post-dreissenid 
colonization. Bioenergetics models were used to evaluate different hypotheses related to 
changes in  growth rate and size-at-age, including changes in thermal habitat and diet 
composition of lake whitefish. Stable isotope analysis was used to trace changes in lake 
whitefish carbon and nitrogen signatures through time, to infer lake whitefish dietary 
preference over periods o f ecological change.
T he objectives o f this work were first to describe trends in biological attributes of 
lake whitefish from Lake Erie and Lake Ontario using existing data from the Ontario 
Ministry of" Natural Resources, from 1990-2003. Samples collected during 2003 were 
used to describe energy density, reproductive losses of females and seasonal diets of lake 
whitefish in  both lakes. Secondly, retrospective analyses of growth and bioenergetics 
models w ere used to explore changes in size-at-age and growth rate of lake whitefish 
from the 1950s to 2003.
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Chapter 2:
Ecology of lake whitefish (Coregonus clupeaformis) in Lakes Erie and Ontario,
1990-2003
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Introduction
The lake whitefish (Coregonus clupeaformis) is a cold-water, benthic-feeding fish 
native to the Great Lakes basin (Scott and Crossman 1973). This species has supported 
important commercial fisheries throughout the Great Lakes since the late 1800s (Baldwin 
et al. 2002). Since at least 1950, trends in abundance of lake whitefish were similar in 
Lake Erie and Lake Ontario. Stocks in both lakes declined during the 1950s and 1960s 
due to eutrophication (Christie 1968; Leach and Nepszy 1976), predation by exotic 
species, and over-exploitation (Christie 1972; Hartman 1972; Regier and Hartman 1973). 
Lake whitefish abundance rebounded during the late-1970s and 1980s, likely due to a 
combination of factors: a reduction in phosphorous loading resulting in improved lake 
whitefish habitat, commercial harvest management, and declining predator abundance, 
such as rainbow smelt (Osmerus mordax) and sea lamprey (Petromyzon marinus) 
(Casselman et al. 1996; Ryan et al. 1999; Ludsin et al. 2001). During the 1990s, the 
establishment of zebra mussels (Dreissena polymorpha) and quagga mussels (Dreissena 
bugensis) resulted in major changes to the Great Lakes ecosystem. Increased water clarity 
(Holland 1993) and reduced algal concentrations were attributed to the filtering activities 
of Dreissena (Johannsson et al. 1998). Changes in benthic macroinvertebrate populations 
were documented in southern Lake Michigan from 1980 to 1993 (Nalepa et al. 1998) and 
Lake Erie from 1979 to 1993 (Dermott and Kerec 1997). The sudden disappearance of the 
lipid-rich amphipod Diporeia from eastern Lake Ontario between 1993 and 1995, 
following establishment of nearshore dreissenid colonies (Dermott 2001), represented the 
loss of an important prey item for lake whitefish. While the direct cause for the decline of 
Diporeia remains unknown, it has been suggested that dreissenids compete with Diporeia 
by intercepting the supply of fresh algae due to filtering activities (Lozano et al. 2001).
9
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The amphipod, Diporeia, is a surface-feeding detritivore that relies on diatoms and other 
algae from nearshore waters (Nalepa et al. 1998). The populations of lake whitefish in 
Lake Erie and Lake Ontario have responded differently to these changes in the benthic 
community.
In Lake Erie, the lake whitefish population is one stock that migrates in the early 
fall from the eastern basin to the western basin, where spawning occurs from late 
November until early December. Lake whitefish over-winter in the shallow, western 
basin and move east as temperature increases in the spring. By the first week of July, lake 
whitefish are found in the eastern basin of Lake Erie, where they remain until the end of 
September (Hardy 1994). Hypoxic conditions in the central basin during the summer 
(Hartman 1972) limit habitat for adult lake whitefish, forcing movement to the deeper, 
cooler eastern basin in the summer (Cook et al. 2005). Diets of young-of-the-year lake 
whitefish, which hatch during the spring, consist of zooplankton until the summer, when 
benthic macroinvertebrates begin to be consumed, although zooplankton remains present 
in diets (Reckahn 1970). In Lake Erie, a diverse assortment of benthic prey is consumed 
by lake whitefish. The burrowing amphipod Diporeia was historically dominant in the 
eastern basin, but declined in abundance after the colonization of the dreissenid mussels 
(Dermott and Munawar 1993). During the early 1990s, Hardy (1994) found whitefish 
diets to consist mainly of Diporeia, insect larvae and molluscs (snails and clams). Despite 
changes in the benthic community, abundance, growth and age-at-maturity of lake 
whitefish in Lake Erie remained relatively stable through the 1990s (Cook et al. 2005). 
Mean age-at-maturity calculated from index gill netting data for male and female lake 
whitefish from 1989 to 2001 was age-4. This was consistent with mean age-at-maturity 
calculated using commercial data from 1990 to 1993 (Hardy 1994).
10
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In Lake Ontario, there are two spawning stocks of lake whitefish. The bay stock, 
which spawns in the Bay of Quinte, and the lake stock, which spawns along the south 
shore of Prince Edward County, in the lake proper (Brown and Casselman, 1991). The 
bay stock spawns in late October to early November, while the lake stock spawns in mid- 
to late-November. Both stocks mix in the summer in the outlet basin, in the northeastern 
part of the lake (Christie et al. 1987). Historically, the primary diet items of lake whitefish 
in Lake Ontario were Diporeia and the zooplankton Mysis relicta. Molluscs and insect 
larvae were also consumed (Hart 1931; Ihssen et al. 1981). In 1998 and 2001, summer 
diet analysis revealed dreissenid mussels dominated whitefish diet. Other molluscs were 
also consumed, such as snails and sphaeriid clams, but Diporeia was absent (Hoyle 
2005). In 1997, lake whitefish were caught during assessment gill netting in depths of 
85m in southeastern Lake Ontario, for the first time since monitoring began in 1980 
(Owens et al. 2003). It was suggested that lake whitefish responded to the loss of 
Diporeia from traditional feeding areas in the northeast part of the lake by foraging in 
deeper water (Owens et al. 2003). Declines in abundance and growth of lake whitefish 
were first observed in the mid-1990s (Hoyle et al. 2003). Mean age-at-maturity began to 
increase in 1996. Female mean age-at-maturity was age-4 during the mid-1990s and rose 
to age-7 by 2002 (Hoyle 2005).
In a recent synthesis describing food web dynamics in Lake Ontario, Mills et al. 
(2003) examined stressors that have led to ecological changes in the ecosystem. Two of 
the most notable changes were reduction of phosphorous loadings and invasion by 
dreissenid mussels. Similar stressors have been suggested to be equally as important in 
Lake Erie (Ludsin et al. 2001). Data collected from Lakes Erie and Ontario since 1990 
allow the status of lake whitefish to be described; however, historic data, needed to
11
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extend comparisons, are incomplete. The objective of this study was to compare changes 
in biological attributes of lake whitefish from Lake Erie and Lake Ontario from 1990 to 




To describe current trends in abundance, growth and condition, data were 
provided by the Ontario Ministry of Natural Resources and the New York State 
Department of Environmental Conservation from index gill net surveys and commercial 
catch sampling programs. Index data from Lake Erie were collected from two sources: 1) 
Ontario Partnership index gill net surveys (1989-2003), which used suspended and 
bottom set gillnets comprised of stretch monofilament mesh sizes ranging from 32 to 152 
mm (Ontario Ministry of Natural Resources, 2004a); and 2) New York State Department 
of Environmental Conservation deepwater gill net surveys (1985-2003), which used 
bottom set gill nets comprised of monofilament mesh sizes ranging from 38 to 152 mm, 
by 12.7 mm increments (New York State Department of Environmental Conservation 
2004). Index data from Lake Ontario were gathered from long-term fish community gill 
netting, which sampled the outlet basin of eastern Lake Ontario 1972-2003. Standard 
monofilament index gillnets were used beginning in 1992. Nets were comprised of mesh 
sizes ranging from 38- to 152-mm stretched mesh, by 12.7 mm increments (Ontario 
Ministry o f  Natural Resources, 2004b). Commercial gill net on both lakes consisted of 
114 mm stretch monofilament mesh.
Lake Erie whitefish abundance, calculated as catch-per-gillnet, was summarized 
from annual deepwater gill net assessment of the eastern basin of Lake Erie, during the
12
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summer (New York State Department of Environmental Conservation 2004). Using the 
number of lake whitefish caught each year and the number o f standard gill nets set, 
catches were adjusted to reflect catch per 1000 m of net. Lake Ontario lake whitefish 
abundance was updated from Hoyle et al. (2003). The number of lake whitefish caught in 
each mesh size was adjusted to represent catch in 100 m of net. Adjusted catches of the 
ten mesh sizes were then summed to calculate catch per unit effort, a unit of effort being 
1000 m of net.
Growth
Growth was described using a von Bertalanffy growth function (VB) between
total length (mm) on age (years) for female lake whitefish sampled from index gill netting
in Lake Ontario and Ontario Partnership index gill netting in Lake Erie:
Lt = Lx ( l - e h(,- ‘0))
Where: Lt = fork length (mm) at age t 
Loo = asymptotic length 
k  = Brody growth coefficient 
to = the theoretical age at length 0.
Sampling problems, such as gear biases resulting in the youngest and smallest fish being
underrepresented in a sample, are known to affect parameter estimation, and subsequently
the fit of the VB. Placing biologically reasonable constraints on the fitting procedure
produced more precise VB parameter estimates (Kritzer et al. 2001). The age at
theoretical length zero, to, can be constrained to the size of larval lake whitefish to
improve fit. Beauchamp (2002) found no difference between parameters estimated using
a highly constrained model, where to was allowed to range from 10 to 20 mm, compared
to parameters estimated using a simplified model, which assumed to was equal to zero.
Therefore, in the present study, VB parameters were estimated using a constrained model,
13
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where to= 0. Fork lengths (FL, mm) were converted to total lengths (TL, mm) for lake 
whitefish from Lake Ontario (TL = 1.0753 • FL + 16.35, R2= 0.98, N  = 58) so that the 
length measure was consistent in both lakes.
To investigate changes in length-at-age during the 1990s, index data were divided 
into two time periods: pre-1997 (1989-1996 for Lake Erie and 1992-1996 for Lake 
Ontario) and 1997-2003 for both lakes. This cut off was chosen in an effort to create 
discreet groups of fish that hatched pre- and post-dreissenid mussel establishment in both 
lakes. Power (2002) emphasized the important effect of dynamic time lags on observed 
responses and their implications for drawing conclusions about the significance of a 
stressor effect. Similarly, Mills and Chalanchuk (1987) noted after eight years of 
experimentation with a single fertilization event, there was still no evidence that a new 
equilibrium biomass of lake whitefish had been established in the well-studied 
Experimental Lakes Area. Therefore, separate VB fits were made for each lake and each 
time period to determine if  there were significant differences in the fit of the VB curve to 
the two lake populations across the two time periods. The following VB equations were 
fitted: 1) all data from both lakes combined, 2) all Lake Erie data plus Lake Ontario data 
pre-1997, 3) all Lake Erie data, 4) Lake Erie data from 1989-1996, 5) Lake Erie data from 
1997-2003, 6) Lake Ontario data from 1992-1996, and 7) Lake Ontario data from 1997- 
2003. Models incorporating common or separate VB equations for the different 
populations were constructed and compared using F ratios, to determine if  variance was 
reduced by increasing model complexity. Four models were compared, from simplest to 
most complex, by sequentially adding separate equations to the most visually different 
population/time period: 1) one VB equation was fitted to all data (both lakes and time 
periods combined) 2) two VB equations (all Lake Erie data plus Lake Ontario data pre-
14
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1997 and Lake Ontario data from 1997-2003), 3) three VB equations (all Lake Erie data 
and Lake Ontario data from 1992-1996 and Lake Ontario data from 1997-2003) and 4) 
four VB equations (Lake Erie data from 1989-1996 and Lake Erie data from 1997-2003 
and Lake Ontario data from 1992-1996 and Lake Ontario data from 1997-2003). Sums of 
squared residuals for each model were calculated by using the various VB equations to 
produce predicted total lengths, subtracting these from observed lengths, squaring and 
then summing for all the VB equations in the model. Mean Squares (MS) were calculated 
by dividing the sum of squared residuals by the degrees of freedom for each model (the 
number of observations minus the number of parameters estimated by the model). Using 
F ratios, three comparisons were made: 1) model 1 versus model 4; 2) model 2 versus 
model 4; and 3) model 3 versus model 4. Model 4 was used as the denominator MS in all 
cases because it was the most complex model (a separate equation for both populations 
for both time periods) and therefore represented the residual variance. Bonferroni 
correction was applied because of multiple comparisons, so the adjusted p-value was 
equal to 0.017 (Zar, 1999).
Condition
Condition, a way of comparing the relative well-being of fish populations 
(Everhart and Youngs 1981), was calculated as weight (g) x 105/total length (mm)3 for all 
mature, pre-spawning female lake whitefish, collected in the fall and sampled from 
commercial catches on both lakes, index gill netting in Lake Ontario and Ontario 
Partnership index gill netting in Lake Erie.
Sample collection
In 2003, lake whitefish were collected monthly (April to November), using 
commercial and index gillnets, from lakes Erie and Ontario. Fish were sampled for
15
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biological attributes: total length, fork length, weight, eviscerated weight, sex and gonad 
condition. Scales and otolith samples were obtained for age determination. Stomachs 
were preserved in 85% alcohol and frozen for diet analysis. In October and November, 
ripe female fish were dissected, and gonads were removed and weighed to calculate 
gonadosomatic index (GSI). All processed fish were individually bagged and frozen. 
Laboratory processing o f  field samples
Diet analysis was completed for fish collected in 2003. Stomachs were dissected 
and contents were sorted by taxa. Volume of stomach contents was determined by volume 
displacement with and without prey. Diet items were identified to order/family level, 
which were then counted and weighed. For both lakes each month, a maximum of 30 
stomachs were examined or 20 stomachs with contents, whichever was arrived at first. 
Fish ranged in size from 300 mm to 627 mm in total length. Lake whitefish were grouped 
by season o f capture: spring (April-June), summer (July-September), and fall (October- 
November). Diets were characterized by weighted mean percent by wet weight of 
identifiable contents represented by each taxa (Bowen 1996).
From fish collected in May to November 2003, a minimum of 10 lake whitefish 
from each o f Lake Erie and Lake Ontario were chosen that spanned the maximum range 
of body size available (251 to 601 mm TL). Whole fish with stomachs removed (but other 
viscera intact) were homogenized using a Hobart 4612 meat grinder. Whole body fish 
were fed through the grinder three times and stirred well to fully homogenize the tissue. A 
subsample from each homogenate was placed in a pre-weighed aluminium drying pan and 
weighed. Samples were dried at 60 to 70°C until the mass stabilized (about 48 hours). 
Water content of the tissue was determined by the difference of wet and dry weight for a
16
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total of 100 lake whitefish. Dried samples were further ground into a fine powder using a 
mortar and pestle before being placed into clean, dry scintillation vials for storage.
Out of the 100 samples of lake whitefish tissue homogenate, energy density (J/g 
dry mass) was determined for 20 fish from each lake by combusting ~ lg  of dried 
homogenate in a Parr 1261 isoperibol oxygen bomb calorimeter. Raw data were plotted 
so that questionable values could be identified and combustion replicated to ensure 
accuracy. All energy densities were converted to J/g wet mass using the known water 
content o f individual samples. Energy density of additional fish was estimated using this 
water content to energy density relationship.
Reproductive effort of females was calculated by stock using the gonadosomatic 
index (GSI), the ratio of gonad weight to somatic weight. Because gonads were collected 
and weighed during spawning (October -  November), there was some loss of eggs during 
sampling. Questionable data were removed from the data set after referring to a more 
comprehensive analysis of lake whitefish GSI from Lakes Erie and Ontario (Beauchamp 
2002). GSI values less than 10% of body weight were considered to underestimate 
reproductive effort, based on literature (Beauchamp 2002). In total, 5 data points were 
excluded.
Daily average water temperatures from municipal water intakes on Lake Erie and 
Lake Ontario were used to calculate weekly average water temperatures between January 
1,2003 and December 31, 2003. To describe lake whitefish thermal experience in Lake 
Erie, two sources of water temperature data were combined, in an effort to account for 
movement patterns of lake whitefish in the lake. Water temperatures from the Elgin 
municipal water intake (latitude = 42°39’ N, longitude = 81° 9’ W, depth = 10m, distance 
offshore = 1250m) in the central basin of Lake Erie were used from week 1 to week 25
17
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and from w eek 40 to week 52, inclusive. Port Dover municipal water intake (latitude = 
42°46’ N, longitude = 80° 12’ W, depth = 4m, distance offshore = 500m) data, from the 
east basin, were used for the summer: week 26 to week 39 (June 25 to September 30). 
Lake Ontario water temperature in the outlet basin, historically important lake whitefish 
habitat, was estimated from the Kingston municipal water intake (latitude = 44° 12’ N, 
longitude =  76°30’ W, depth = 18m, distance offshore = 900m).
All statistics and model estimation were performed using SYSTAT version 10.2.
Results
Comparison of Lake Whitefish Populations 
Trends in abundance (catch per unit effort)
Trends in abundance were similar in lakes Erie and Ontario from 1985 to 2003 
(Fig. 1). In both lakes, abundance increased from very low levels in the mid 1980s to a 
maximum in 1992-93 before rapidly declining one to three years later. Both populations 
again increased in 1998. In Lake Erie, strong year classes produced in 1984, 1989, 1997, 
and 2001 (Hardy 1994; Cook et al. 2005) may have contributed to increased abundance in 
1992, 1998 and 2001. In Lake Ontario, 1987 and 1994 were identified as strong year 
classes, while 1991 and 1995 were considered above average (Hoyle et al. 2003).
Trends in growth
Length-at-age of lake whitefish from Lake Ontario was significantly lower in 
1997-2003 compared to all other groups (F 1258 ,1252 = 1-85, P 0 .0 0 1 , Fig.2). Lake Ontario 
length-at-age from 1992-1996 was significantly lower than Lake Erie, for ages < 5 (F1256, 
1252= 1-15, P = 0.007, Fig. 2). There was no significant difference in size between Lake 
Erie before and after 1997 (F 1254 ,1252 = 1.01,P  = 0.431, Fig. 2).
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Figure 1: Catch of lake whitefish per 1000m of multi-mesh gillnet in Lake Erie and Lake 
Ontario. Effort was standardised between the two lakes, comparing catches only from the 
same mesh size fished in similar habitats and seasons. Lake Erie data summarized from 
deepwater index gill net assessment conducted during the summer in the eastern basin, 
1985 to 2003. Lake Ontario data represent mixed stocks captured in the outlet basin of 
eastern Lake Ontario, 1972 to 2003.
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Figure 2: Length-at-age of female lake whitefish modeled using the von Bertalanffy 
growth function for Lake Erie and Lake Ontario. Growth was modeled separately for two 
periods within the time series for each lake in an effort to create discrete groups of fish 
that hatched pre- and post-dreissenid mussel establishment in both lakes: Lake Erie 1989- 
1996 and Lake Ontario 1992-1996, and 1997-2003.
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Trends in condition
Lake whitefish condition was higher in Lake Erie than in Lake Ontario throughout 
the time series (Fig. 3). Declines in condition were evident in both lakes by 1994. During 
the late 1990s, condition of lake whitefish from Lake Erie fluctuated around the long-term 
average of 1.12. Condition remained below the long-term average (0.85) in Lake Ontario 
until 2 0 0 0 , when condition began to fluctuate around the long-term average.
Ecology of Lake Whitefish in Lake Erie and Lake Ontario 2003 
Seasonal diets
Lake whitefish diets were different in Lake Erie and Ontario in 2003. In Lake 
Erie, chironomids, dreissenid mussels, and sphaeriids made up the bulk of lake whitefish 
diet in all seasons (Table 1). In Lake Ontario, dreissenid mussels and gastropods were 
consumed in all seasons, with amphipods and fish eggs also contributing to the spring and 
fall diets.
Energy density
There was no significant difference between lakes in the relationship between 
water content and energy density (ANCOVA: F\ ^  = 1.61, P = 0.211, N  = 40). The 
common regression relating water content (WC) and energy density (ED) was:
ED = -392.58 • WC + 35 033, R2 = 0.95, N  = 40 
This relationship was used to estimate energy density for a much larger number of lake 
whitefish from both lakes. Energy density of lake whitefish was significantly higher in 
Lake Erie than Lake Ontario (Fi; 96 = 33.1, F<0.001, Fig. 4). In both lakes, energy density 
increased with wet body mass.
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Figure 3: Condition (weight x 105/length3) of lake whitefish in Lake Erie and Lake 
Ontario from 1987 to 2003. All fish were mature, pre-spawned female lake whitefish 
collected in the fall in commercial catches or index gill netting. Error bars represent ± one 
standard error.
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Table 1: Seasonal diet composition (% wet mass) for lake whitefish from Lake Erie and 
Lake Ontario. Spring = April, May and June; summer = July, August, September; fall = 
October and November. Sample sizes represent the number of stomachs examined with 
contents. Other category consisted mostly of unidentifiable digested material also 
cladoceran eggs, fish scales, isopods and nematodes.
Prey item Lake Erie Lake Ontario
spring summer fall spring summer fall00 
1—
(
IIa n=29 n=23 n=8
00Ti­llcl n=16
zooplankton 2.9 18.5 7.7 12.5 4.1 0.0
dreissenid mussels 18.7 18.7 22.4 15.6 70.8 12.4
sphaeriids 30.0 34.4 52.6 0.0 1.8 0.0
gastropods 3.3 0.0 11.8 9.4 10.4 39.9
amphipods 0.0 0.9 4.3 50.0 0.0 27.8
chironomid larvae 6.5 7.8 0.1 0.0 4.8 0.0
chironomid pupae 30.4 14.6 0.0 0.0 2.1 0.0
other benthos 5.5 3.5 1.1 0.0 3.9 0.0
fish eggs 2.7 0.9 0.0 12.5 2.1 19.9
n empty stomachs 5 21 34 51 29 44
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y = 6497 + 2.0984X 
R2 = 0.6768
•  Lake Erie (n=59) 
o Lake Ontario (n = 41)
p < 0.001 #
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Figure 4: Energy content (kJ/g wet mass) of whole body homogenate of lake whitefish 
from Lake Erie and Lake Ontario. Samples were collected May to November 2003. Lake 
Ontario whitefish had significantly lower energy content compared to Lake Erie whitefish 
(P<0.001).
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Gonadosomatic index (GSI)
There was no relationship between fish length and GSI for female lake whitefish 
from Lake Erie or Lake Ontario (Fig. 5). Gonad weight ranged from to 10 to 25% of 
whole body weight in both systems, with mean GSI being 18.5, 16.5, and 17.6% in Lake 
Erie, Lake Ontario bay stock and Lake Ontario lake stock, respectively.
Temperature regime
Weekly average water temperatures from the central and the eastern basin of Lake 
Erie were, on average, 3.5°C warmer than the outlet basin of Lake Ontario (Fig. 6). Water 
temperature in the two lakes was similar from week 39 to week 52.
Discussion
Growth of an organism is an indication of how well it is coping with its 
environment because growth is the net expression of all physiological alterations (Goede 
and Barton 1990). Growth can be used to compare stressed and unstressed fish 
populations (Goede and Barton 1990). Results obtained by applying the von Bertalanffy 
growth function to data from Lake Erie were comparable to those reported in Cook et al. 
(2005), who used data from the same source for a slightly shorter time period (1989- 
2001). Those authors found growth curves did not vary appreciably for female lake 
whitefish between 1927-1929, 1971-1974, 1990-1993, 1989-1994 or 1995-2001 (Cookef 
al. 2005). In Lake Ontario, however, Hoyle et al. (2003) reported decreased mean fork- 
length-at-age for 6-, 7- and 8-year old female lake whitefish sampled during November 
from the commercial fishery in 1988 and 1990 compared to 1994-1999. Hoyle et al.
(2003) compared lake whitefish growth during periods that corresponded with high 
(1987-1992) and low (1993-1999) Diporeia density. The magnitude of the decrease was
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Figure 5: Reproductive investment expressed as gonadosomatic index (GSI) for pre­
spawning lake whitefish collected during the fall from Lake Erie and Lake Ontario in 
2003. Mean egg loss was 18.5% in Lake Erie compared to 17.0% in Lake Ontario.
•  Lake Erie (n = 11)
O Lake Ontario, bay stock (n = 14)
T  Lake Ontario, lake stock (n = 8)
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Figure 6: Weekly average water temperatures for Lake Erie and Lake Ontario 2003. Lake 
Erie temperatures calculated from mean daily water temperatures at the Elgin Municipal 
Water Treatment Plant, west of Port Stanley (central basin) and the Port Dover Municipal 
Water Treatment Plant, in the eastern basin. Lake Ontario data was calculated from 




Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
comparable to decreased length-at-age observed when index data collected during the
summer was fitted to the von Bertalanffy growth function (Fig. 2). Pothoven et al. (2001)
reported decreased growth, in terms of length- and weight-at-age, in lake whitefish from
southern Lake Michigan from 1985-1991 compared to 1992-1999. Diporeia density
0 0declined from 10 000/m in 1992 to 110/m by 1999. Zebra mussels were first observed in 
1992 and began to increase in abundance in 1996 (Pothoven et al. 2001). Declining 
growth of lake whitefish in Lake Ontario suggests a change in the environment that 
caused a response in fish. Observed change in growth does not appear to be density- 
dependent, because abundance and growth both declined over time. Analysis of growth 
over time in Lake Erie suggests that fish were unaffected by changes in the benthic 
invertebrate community.
Growth rate and body condition are tightly linked (Shuter, 1990). Condition 
indices are commonly used in fishery science because they provide a simple and rapid 
relative measure of the well being of fish populations. Condition indices are also popular 
because they use weights and lengths of fish, data routinely collected in fisheries studies 
(Goede and Barton 1990). The normal range of values of condition may vary within a 
species with respect to geographic location (Goede and Barton 1990). Such is the case for 
lake whitefish from Lakes Erie and Ontario (Fig. 3). Trends in condition may be higher in 
Lake Erie as it is the southernmost range of lake whitefish distribution in North America 
(Scott and Crossman 1973). Lake Erie is warmer and more productive than Lake Ontario, 
so perhaps lake whitefish are higher in condition due to increased prey availability in 
Lake Erie. Mean condition may be higher in Lake Erie than in Lake Ontario due to other 
of factors, operating from the population level to the level of the individual. In a study 
examining effects of phosphorous additions on unexploited lake whitefish populations in
28
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an acid lake in northwestern Ontario, Mills et al. (2002a) used fish condition as a measure 
of growth. Over a 17-year period, condition ranged from 1.05 to 1.20 in the control lake 
(with a neutral pH) and 1.00 to 1.25 in the treatment lake. Condition of lake whitefish 
from Lake Erie during the 1990s fell within these reported ranges, but Lake Ontario lake 
whitefish condition was lower. In the treatment lake, condition increased and abundance 
decreased as the pH of the lake was lowered. During nutrient addition, abundance 
increased while condition decreased. By the fourth year after cessation of nutrient 
addition, both abundance and condition had returned to pre-treatment baseline values 
(Mills et al. 2002a). The authors suggested a density-dependent response of condition to 
changes in abundance (Mills et al. 2002a). A similar relationship between condition and 
abundance was observed in a different lake in northeastern Ontario which was 
experimentally subjected to winter drawdown, to simulate the effect of a hydroelectric 
reservoir (Mills et al. 2002b). Condition of lake whitefish increased over three years of 
winter drawdown, and abundance decreased (Mills et al. 2002b). When Healey (1980) 
experimentally exploited lake whitefish in four Northwest Territories lakes, he found that 
size-at-age increased significantly in the exploited lakes. The degree of increase was 
proportional to the intensity of exploitation (Healey 1980). These findings suggest factors 
acting at the population level influence growth. In Lake Ontario, abundance decreased 
after 1993; however, trends in growth and condition also decreased, which is opposite to 
the density-dependent response suggested by previous studies (Mills et al. 2002a; Mills et 
al. 2002b; Healey 1980). The effect of long-term exploitation on populations of lake 
whitefish in the Great Lakes may be a confounding factor in evaluating changes in growth 
and condition in terms of density dependent responses to abundance.
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At the level of the individual, variation in the amount of energy stored reflects the 
intensity of feeding and energy deposition over time. A decline in condition is usually 
interpreted as depletion of energy reserves (Goede and Barton 1990). While there is some 
seasonality associated with normal fluctuations in condition, such as post-spawning 
(Carlander 1969), declining condition may also reflect a change in feeding patterns, 
which could be a behavioural response to certain stressors (Goede and Barton 1990). 
Weight loss associated with a reduction in energy reserves may be offset by an increase in 
body water (Love 1980), so it is often necessary to corroborate condition with a more 
quantitative measure of energy reserves.
Madenjian et al. (under review B) suggest the relationship between energy density 
and body mass changes at approximately 800g -  energy density increases rapidly with 
body mass for lake whitefish <800g, and very gradually >800g. While there was evidence 
of reduced rate of increasing energy density for larger lake whitefish from Lake Erie, one 
regression was fitted for fish from each lake, to facilitate comparison of energy density of 
lake whitefish in Lake Erie and Lake Ontario.
Lake whitefish from Lake Ontario had higher water content and significantly 
lower energy density than fish from Lake Erie (Fig. 4). In starving animals, an increase in 
the proportion of water corresponds to a decrease in the proportion of lipid. Lower energy 
density and higher water content of lake whitefish from Lake Ontario suggests these fish 
are depleted in lipids or energy reserves compared to fish from Lake Erie. Most 
ecological and other effects of lipid composition can be explained as differences in the 
diet (Love 1980).
Throughout their distribution in North American, diets of lake whitefish have been 
summarized in the literature (Carlander 1969; Scott and Crossman 1973). The present
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study contributes current-day, seasonal analyses for Lakes Erie and Ontario. Owens and 
Dittman (2003) described shifts in the diet of two benthic-feeding fish from Lake Ontario, 
the slimy sculpin (Cottus cognatus) and lake whitefish, following the collapse of the 
burrowing amphipod Diporeia. Diet analysis from 1998 to 2000 revealed more diverse 
diets dominated by the zooplankter Mysis and prey that were formally less important, 
such as chironomids, gastropods, oligochaetes, ostracods and dreissenid mussels. 
Dreissenid mussels contain less than half of the energy per unit mass than prey items such 
as Diporeia and Mysis (Madenjian et al. in reviewB). Shells of dreissenid mussels, which 
make up ~56% of the weight of the organism (Johannsson et al. 2000), are not digestible 
and therefore confer little nutritional benefit to predators. Perhaps the loss of Diporeia 
had less of an effect on Lake Erie lake whitefish because, in the past, fish consumed a 
diverse assortment of benthic prey, in addition to Diporeia (Hardy 1994). In Lake 
Ontario, lake whitefish appear to have replaced the energy rich, primary prey item, 
Diporeia, with the less energy rich dreissenid mussel, especially in summer diets.
Historically, female lake whitefish from Lake Erie have been reported to loose 
~11% of their weight at spawning (Carlander, 1969). Based on 43 samples, Cook et al. 
(2005) found females sampled in 2000 and 2001 lost an average of 18.5% body weight 
during spawning. In the present study, mean GSI calculated using a much smaller sample 
size in 2003 (n = 11) was also 18.5%. Preliminary data from Lake Erie collected in the 
fall of 2004 found GSI was 21% for females (n = 18), compared to 2.4% for males (n = 
29) (T. Johnson, OMNR, unpubl. data). While there appeared to be a positive relationship 
between GSI and female body length in 2004, Beauchamp et al. (2004) found no 
relationship between GSI and size for female lake whitefish based on 22 Great Lake 
stocks and 28 inland lake populations. The authors suggest GSI could be marginally
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higher for larger fish (Beauchamp et al. 2004). Using data from 1989-1999, Beauchamp 
(2002) reported GSI for a 2000g female lake whitefish from Lake Erie to be 20% of body 
weight. In Lake Ontario, the same size female fish had a GSI of 10%, based on samples 
from 1994-1999 (Beauchamp 2002). Although based on far fewer samples (n=22 
compared to n=1533) mean GSI of females collected from Lake Ontario in 2003 was 
17%. It is possible that GSI increased in Lake Ontario between 1994-1999 and 2003. 
Reproductive success was poorer in Lake Ontario from 1998-2001, based on long-term 
trends of young-of-the-year abundance summarized from annual bottom trawling 
programs (Hoyle 2005). A possible explanation for reduced reproductive success was 
poor body condition of adult fish (Hoyle 2005). The condition of lake whitefish from 
Lake Ontario, particularly in 2002 and 2003 was higher than during the late 1990s and the 
larger the coefficient of condition, the heavier the fish for a given length. This suggests an 
energy surplus that may be available for either somatic or gonad growth.
Optimal temperature range for lake whitefish was defined by Christie and Regier 
(1988) as 10 to 14°C, assuming dissolved oxygen is not limiting. Based on Evans’ (1978) 
description of lake whitefish refugium in Lake Simcoe, where oxygen depletion was 
documented in the hypolimnion, Cook et al. (2005) created habitat criteria to assess 
available lake whitefish habitat in the central and eastern basins of Lake Erie in 2001. 
Habitat criteria included water temperatures of < 16°C and dissolved oxygen of > 3 mg/L. 
Less than 9% of the area of the central basin provided suitable habitat during thermal 
stratification in 2001, compared to 54% in the eastern basin (Cook et al. 2005). While 
lake whitefish were caught in temperatures of 5.7 to 21.6°C during the summer, whitefish 
were not caught in water with oxygen concentrations less than 4 mg/L (Cook et al. 2005). 
The periodic hypoxia in the central basin causes movement of lake whitefish into the
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eastern basin during the summer, until fall turnover (Hardy 1994). Due to the movement 
patterns of lake whitefish in Lake Erie, a summary of annual water temperature that 
includes the east basin in the summer is necessary to describe lake whitefish thermal 
experience in the lake.
Madenjian et al. (in review B) tagged lake whitefish from Lake Huron with 
archival tags that recorded temperature and depth of fish. Fish experienced a peak 
temperature of 11.1 °C in early September. Mean temperature experienced by 13 fish 
ranged from 7 to 10°C during the summer. Interestingly, the lowest average temperature 
experience by lake whitefish from Lake Huron was less than 1°C, in early February. Fish 
remained in temperatures less than 1°C until spring warming began in April (Madenjian 
et al. in review B). These findings are the first to report thermal experience of adult lake 
whitefish measured directly in the field. These data suggest that lake whitefish occupy 
cooler waters, year round, than previously thought.
Decreases in lake whitefish abundance, growth and condition were clearly 
demonstrated in Lake Ontario, however similar declines were not observed in fish from 
Lake Erie. Trends summarized from 1990 to 2003, taken with samples collected from 
both lakes in 2003 to describe seasonal diets, energy density, reproductive losses and 
thermal experience, suggest that the loss of Diporeia from lake whitefish diets had more 
of an effect in Lake Ontario than in Lake Erie.
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Chapter 3:
Retrospective growth analysis of lake whitefish (Coregonus clupeaformis)
in Lakes Erie and Ontario, 1954-2003
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Introduction
Since at least the 1950s, trends in abundance of lake whitefish (Coregonus 
clupeaformis) were similar in Lake Erie and Lake Ontario. Stocks in both lakes declined 
during the 1950s and 1960s due to eutrophication (Christie 1968; Leach and Nepszy 
1976), predation by exotic species, and over-exploitation (Christie 1972; Hartman 1972; 
Regier and Hartman 1973). Lake whitefish abundance rebounded during the late-1970s 
and 1980s due to a combination of factors: a reduction in phosphorous loading resulting 
in improved lake whitefish habitat, commercial harvest management, and declining 
predator abundance (Casselman et al. 1996; Ryan et al. 1999; Ludsin et al. 2001). In the 
1990s, trends in abundance began to differ. Lake Erie’s population remained relatively 
stable (Cook et al. 2005), while Lake Ontario’s population began to decline (Hoyle 2005). 
During the 1990s, the establishment of zebra mussels (Dreissena polymorpha) and 
quagga mussels (Dreissena bugensis) resulted in major changes to the Great Lakes 
ecosystem. In a recent synthesis describing food web dynamics in Lake Ontario, Mills et 
al. (2003) examined factors that have led to ecological changes in the ecosystem. Two of 
the most notable changes were reduction of phosphorous loadings and invasion by 
dreissenid mussels. Similar stressors have been suggested to be equally as important in 
Lake Erie (Ludsin et al. 2001).
Chlorophyll-# concentrations and zooplankton production declined in the eastern 
basin of Lake Ontario from 1981 to 1995 (Johannsson et al. 1998). In Lake Erie, between 
1982 and 2004, spring and summer chlorophyll-# levels declined by 50% following the 
invasion of dreissenid mussels (Barbiero and Tuchman 2004). Makarewicz (1993) noted 
that zooplankton abundance in the productive western basin of Lake Erie was highest in 
1967 and had decreased by 1987. Declines in zooplankton biomass between 1993 and
41
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1998 were observed in all basins of Lake Erie (MacDougall et al. 2001). Authors suggest 
that overall reduced productivity in Lake Erie (Makarewicz 1993; Barbiero and Tuchman 
2004) and Lake Ontario (Johannsson 2003) were caused by a combination of
1) reductions in phosphorous loading during the mid-1970s through the 1980s and
2) filtering activity of dreissenid mussel populations in the 1990s.
Responses of benthic macroinvertebrate communities to reductions in 
phosphorous loadings and invasion by dreissenid mussels were not as unidirectional as 
changes in zooplankton communities. Some species of benthic macroinvertebrates 
declined in abundance, including the amphipod Diporeia spp. and native clams (Pisidium 
spp.) in Lake Erie (Dermott and Kerec 1997), and oligochaetes, sphaeriids, and 
amphipods {Diporeia spp.) in eastern Lake Ontario from 1994 to 1997 (Lozano et al. 
2001). Other species increased in abundance, such as ostracods, nematodes (Dermott and 
Kerec 1997) and shallow water amphipods, such as Gammarus fasciatus (Mills et al. 
2003). The direction of change in abundance of different species has been linked with 
indirect effects of dreissenid mussel colonization. Increased water clarity (Holland 1993) 
and reduced algal concentrations were attributed to the filtering activities of dreissenid 
mussels (Johannsson et al. 1998). Abundance of amphipods has been correlated with 
diatom abundance (Johnson and Weiderholm 1992), both diatom and Diporeia spp. 
abundance has declined in Lake Erie and Lake Ontario since the 1980s (Dermott and 
Kerec 1997; Johannsson et al. 1998; Dermott 2001; Barbiero and Tuchman 2004). The 
loss of the deepwater burrowing amphipod, Diporeia, resulted in the loss of an important 
prey item for adult lake whitefish (Hoyle et al. 2003).
While species of benthic macroinvertebrates that declined in abundance may 
compete with dreissenid mussels for freshly settled algae, species that increased in
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abundance may benefit from the deposition o f feces or pseudofeces of mussels (Dermott 
and Kerec 1997; Mills et al. 2003) or increasing structural complexity associated with 
dreissenid mussel colonies (Mills et al. 2003). This shunting of energy from pelagic to 
benthic pathways, particularly in nearshore areas, has been shown to reduce abundance of 
juvenile percids, like walleye (Stizostedion vitreum vitreum) and yellow perch (Perea 
flavescens), (Rutherford et al. 1999), and may have effects on other fishes.
In order to investigate changes in growth over time in both lakes, size-at-age and 
growth rate of lake whitefish from Lake Erie and Lake Ontario were compared during 
three time periods representing periods of change in Great Lakes ecosystems. The first 
time period is from 1950 to 1970, representing pre-phosphorous abatement, which was 
initiated in 1972 with the Great Lakes Water Quality Agreement (International Joint 
Commission 1978). The second time period is from the late 1970s until 1986, during 
which time phosphorous loading reached target levels but dreissenid mussels had not yet 
become established in the Great Lakes. The final time period is from the 1990s until the 
present day and represents post-dreissenid colonization. Data collected from Lakes Erie 
and Ontario since 1990 allows the status of lake whitefish to be described; however, 
historic data, needed to extend comparisons, are incomplete.
One way to ascertain historic information about growth is by examining calcified 
structures o f fish, like scales, otoliths or skeleton bone. Calcified structures have been 
used to investigate growth because calcified structures are essentially individual archives 
containing information about growth of a fish through time (Lee 1920; Van Oosten 1929). 
In temperate climates, fish are exposed to seasonally varying temperatures which induce 
seasonal growth patterns. This seasonality creates annuli on scales, a concentric zone on a 
structure that may be interpreted in terms of age and that can be used to estimate growth
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(Panfili et al. 2002). The relative size of a scale is an indicator of growth, reflecting 
changes in growth rate and nutritional status of fishes (Casselman 1990). The assessment 
of individual age and growth from scales can be more informative and precise than 
statistical methods applied at the population level. Also, it is possible to obtain 
information about growth at earlier ages, when it can be difficult to directly measure. 
Calcified structures in fish are created by regular deposition of minerals, through the 
process of calcification. Calcium phosphate crystals are deposited in scales and bones, 
whereas calcium carbonate is deposited in otoliths (Panfili et al. 2002). While skeletal 
calcium can be mobilized for homeostasis, otoliths are rarely subject to resorption (Panfili 
et al. 2002). In the present study, scales were used for retrospective analysis of growth, 
because scale archives exist from the 1950s to the present day, while otoliths have only 
been archived in Lake Erie and Lake Ontario since the early 1990s. Hardy (1994) found 
good agreement between ages interpreted from scales and from otoliths for lake whitefish 
sampled from Lake Erie in 1992, particularly for fish age 7 and younger. Therefore, age 
analyses presented here was limited to lake whitefish ages < 7.
Bioenergetics models can be developed to relate growth rates of an organism to 
environmental conditions, such as diet quality or thermal experience (Adams and Breck 
1990). Bioenergetics is a way to relate energetic costs of the whole organism to energy 
intake (Brett and Groves 1979). Bioenergetics models use a simplified energy-mass 
balance according to the formula (Kitchell et al. 1977):
AB = C -  (R + SDA + F + U + G)
Where:
AB = change in growth (biomass)
C = consumption (energy gains)
R = metabolism (respiration)
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SDA = specific dynamic activity (cost of assimilating energy)
F = egestion
U = excretion (nitrogenous waste lost at gill surface)
G = gonads (energy put towards reproduction)
A generalized coregonid bioenergetics model, largely parameterized for bloater chub 
(iCoregonus hoyi), was developed by Rudstam et al. (1994) and further refined 
experimentally and validated for lake whitefish by Madenjian et al. (in review A and B). 
Lake whitefish bioenergetics models were calibrated for Lakes Erie and Ontario using 
data collected during the 2 0 0 3  field season. Models can be used to compare recent 
differences in lake whitefish size-at-age. Using observed growth, the bioenergetics model 
enables comparison of feeding rate or evaluation of growth rate potential by varying 
environmental parameters. The model requires five types of data (1) change in weight 
over a known time interval; ( 2 )  diet composition; ( 3 )  energy density (J/g wet mass) of 
lake whitefish and their prey; (4) reproductive losses (i.e., gonadosomatic index, gonad 
weight as a percentage of whole body weight); and (5) thermal habitat. Bioenergetics 
models were used to test different hypotheses about causes of change in size-at-age, such 
as changes in water temperature or diet composition of lake whitefish.
To supplement historic diet data, stable isotope analysis was used because the 
composition of stable isotopes in animal tissue is a measure of assimilated diet (Peterson 
and Fry 1987). Stable isotope values of samples are defined as parts per thousand ( % o )  
differences from a standard reference material, like VPDB (Vienna Peedee belemnite) for 
carbon, and N 2  in the atmosphere for nitrogen, set at a value of 0 % o  by convention (Fry 
and Sherr 1984). For example:
1 3  y '-r  / 1 2  ̂   1 3  s ~ i  / 1 2  /""i
^ 1 3 ^ - ,    sample s tandard  J ^ J Q Q Q
5 tan dard
45
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
The 8 values reflect the ratio of heavy to light isotopes in a sample, relative to the 
standard. Increases in the 5 values indicate increases in the quantity of the heavy isotope 
(Peterson and Fry 1 9 8 7 ) .  Decreases in 8 denote a decrease in the heavy isotope content 
and an increase in the light isotope content. Naturally occurring biochemical reactions in 
organisms and the environment alter the ratio of heavy to light isotopes, through 
fractionation (Peterson and Fry 1 9 8 7 ) .  Mass spectrometers are used to detect the amount 
of heavy and light isotope in a sample (Peterson and Fry 1 9 8 7 ) .  The stable isotope ratio 
S15N is used in food web studies to determine trophic level because 815N of a consumer is 
enriched 2 - 6 % o  relative to its diet (DeNiro and Epstein 1 9 8 1 ) .  The 15N enrichment in 
consumer versus diet is due to excretion of isotopically light nitrogen (14N) in urine 
(DeNiro and Epstein 1 9 8 1 ) .  In contrast, the ratio of carbon isotopes (813C) changes little 
as carbon moves through food webs. France and Peters ( 1 9 9 7 )  reported average trophic 
13C enrichment of + 0 . 2 % o  for freshwater food webs. Instead, the ratio of carbon isotopes is 
used to differentiate between the two major sources of energy in lakes, the benthic-littoral
•I o
and the plankton-pelagic food webs (France 1995). The littoral zone is enriched in C 
compared to the pelagic (open water) zone mainly due to attached algae and detritus that 
is deposited into the littoral zone (France 1995). Stable isotope ratios of 813C in archived 
striped bass (Morone saxatilis) scales were used to identify changes in feeding behaviour 
over time, from a pelagic prey fish to benthic macroinvertebrates (Pruell et al. 2003). 
Stable isotope ratios of 8I3C and 815N from scales of a pelagic species of whitefish 
{Coregonus lavaretus) from Lake Geneva were used to track changes in trophic status of 
the lake, from eutrophication to restoration, from 1980-2001 (Perga and Gerdeaux 2003).
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Analysis of stable isotopes from lake whitefish scales in this study will be used to infer 
lake whitefish dietary preference over periods of ecological change in Lake Erie and Lake 
Ontario.
The objective of this work was to explain changes in size-at-age of lake whitefish 
from Lake Erie and Lake Ontario during three ecological time periods contrasting 
phosphorous abatement and the invasion by dreissenid mussels. Size-at-age refers to 
average length or weight at a certain age, while growth rate refers to the change in weight 
or length over a given amount of time.
Methods
Growth chronologies
Scale samples were chosen from archives maintained by the Ontario Ministry of 
Natural Resources for lake whitefish collected during spawning, from October to 
November. There are two spawning stocks in Lake Ontario, a lake stock and a bay stock, 
which may exhibit different growth rates due to different nursery habitat, so spawning 
stocks were analyzed separately. Fish were captured by the commercial gillnet fishery, 
with the exception of fish sampled from the lake stock in time period 1, which were 
captured using commercial trap nets. At least ten individual fish were chosen from each 
time period from both Lake Erie and the lake stock from Lake Ontario. Scale samples 
were only available from the bay stock from Lake Ontario for time periods 2 and 3. To 
facilitate comparisons between lakes in all three time periods, results from Lake Erie were 
compared to results from the lake stock from Lake Ontario. Scale samples were chosen 
from specific year-classes to ensure discrete time periods were compared between lakes. 
Time period one included year classes 1954-1958, time period two included year classes
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1977-1982 and time period three included year classes 1991-1996. Fish ranged in fork 
length from 393mm -  585mm and in age from 4 - 9  years old. Included with scale 
samples from archives for time period three were scale samples from lake whitefish 
sampled from the commercial fishery in October and November of 2003, which fell 
within selected year classes. These fish ranged in fork length from 318-548 mm and in 
age from 7-12 years old.
Three to five scales from each individual fish were pressed between two glass 
slides and were magnified 2x using an Olympus BX51 light microscope. The best scale 
sample on each slide was photographed using a CoolSnap Pro colour CCD video camera 
mounted on an Olympus BX51 microscope. To analyse growth, the width of annular 
increments (distance between successive annuli) was measured in millimeters, along the 
anterior radius on scale surfaces. The distance was measured from the focus to each 
annulus, for the first six annuli. All measurements were completed using Image-Pro Plus 
image analysis software ©Media Cybernetics Inc. A minimum of one scale sample out of 
every group of ten was re-measured to ensure precision. Error for each increment width, 
computed as ((measurementi -  measurement2)/fork length at capture)* 100, ranged from 
0.1-5.1%.
Increment width was compared using a 2-way multivariate analysis of variance 
(MANOVA) using STATISTICA. Main effects were time period and lake, and response 
variables were increments 1, 2, 3 and 4. Increments of growth in the first four years of life 
were compared in Lake Erie and the lake stock from Lake Ontario in all three time 
periods.
Annular increments of growth from scales were used to estimate length-at-age 
using a back-calculation equation that related distance from focus to each annular mark
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on the scale and the length of fish at time of capture. Scale samples used to construct 
growth chronologies were not adequate to calculate a body-scale regression as a limited 
size range was used and the first few age groups were missing from analysis. The 
relationship developed by Smale and Taylor (1990) was used to back-calculate total 
length-at-age (TL, mm) for each scale on which annular growth increments were 
measured (SR, mm) (TL = 48.6 + 3.54SR, R2 = 0.998, N = 1445).
Growth in each lake, in each time period, was described using back-calculated 
length-at-age(s) fit to the von Bertalanffy growth function (VB) of total length (mm) on 
age (years):
Lt = Loo (1 - e ’*^_V)
Where: Lt= fork length (mm) at age t 
La, = asymptotic length 
k = Brody growth coefficient 
to = the theoretical age at length 0.
Placing biologically reasonable constraints on the fitting procedure produced more
precise VB parameter estimates (Kritzer et al. 2001). The age at theoretical length zero,
to, can be constrained to the size of larval lake whitefish to improve fit. Beauchamp
(2002) found no difference between parameters estimated using a highly constrained
model, where to was allowed to range from 10 to 20 mm, compared to parameters
estimated using a simplified model, which assumed to was equal to zero. Therefore, in the
present study, VB parameters were estimated using a constrained model, where to = 0. All
VB parameter estimations were performed using SYSTAT version 10.2.
Separate VB fits were made for each lake and each time period to determine if
there were significant differences in the fit of the VB curve within the two lake
populations across the three time periods. The following VB equations were fitted for
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Lake Erie and Lake Ontario separately: 1) all data combined from time periods 1, 2 and 3 
for each lake, 2) all time periods 1 and 2 data, 3) time period 1 data, 4) time period 2 data, 
and 5) time period 3 data. Models incorporating common or separate VB equations for 
the different populations were constructed and compared using F ratios, to determine if 
variance was reduced by increasing model complexity. Three models were compared, 
from simplest to most complex, by sequentially adding separate equations to the most 
visually different time period: 1) one VB equation was fitted to all data (within each lake, 
all three time periods combined) 2) two VB equations (all time periods 1 and 2 data and 
time period 3 data), 3) three VB equations (time period 1 data and time period 2 data and 
time period 3 data). Sums of squared residuals for each model were calculated by using 
the various VB equations to produce predicted total lengths, subtracting these from 
observed lengths, squaring and then summing for all the VB equations in the model.
Mean Squares (MS) were calculated by dividing the sum of squared residuals by the 
degrees of freedom for each model (the number of observations minus the number of 
parameters estimated by the model). Using F ratios, two comparisons were made: 1) 
model 1 versus model 3; and 2) model 2 versus model 3. Model 3 was used as the 
denominator MS in all cases because it was the most complex model (a separate equation 
for all three time periods) and therefore represented the residual variance. Bonferroni 
correction was applied because of multiple comparisons, so the adjusted p-value was 
equal to 0.025 (Zar, 1999).
Calibrating bioenergetics models
Laboratory and field data were used to evaluate the bioenergetics model for lake 
whitefish. Madenjian et al. (in review B) provided the basic lake whitefish bioenergetic 
parameter set which was implemented using Hanson et al. (1997). Lake-specific
50
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
bioenergetic models were created for lake whitefish from Lake Erie and Lake Ontario 
using field data collected in 2003 (Chapter 2). These base models were used in all 
subsequent simulations.
Data requirements o f  bioenergetics models
Bioenergetics models require inputs on growth rates, temperatures occupied by 
the fish, diets, energy density of lake whitefish as well as their prey items, and 
reproductive losses. To derive estimates of observed weight-at-age for age 4 and age 5 
lake whitefish from Lake Erie and Lake Ontario during three time periods, growth 
chronologies constructed from archived scales were used to back-calculate total length-at- 
age. Constrained von Bertalanffy growth functions (VB), where to = 0, were fitted to 
standardized year classes (Table 1). Von Bertalanffy functions were used to predict total 
length-at-age so that smoothed estimates of size-at-age could be used in model 
simulations because bioenergetics models are sensitive to estimates of growth rate.
Length was converted to weight using lake and time specific length weight regressions 
(Table 2). Growth rate was calculated as: ((weight-at-age 5 -  weight-at-age 4)/ weight-at- 
age 4)* 100. Weight-at-age estimates were compared using a 2-way analysis of variance 
(ANOVA) using STATISTICA. Main effects were time period and lake, and the response 
variable was weight-at-age 5. In Lake Erie, scales samples from two fish in time period 3 
were age-5 at time of capture, so these samples were used in the weight-at-age analysis. 
For all other groups, samples used are those reported in Table 1.
Average water temperature years from Lake Erie and Lake Ontario were selected 
during three time periods by calculating the annual mean water temperature during the 
growing season (April to September), and the long-term average temperature during the 
growing season and 95% confidence intervals (Casselman 2002). Using the same years as
51
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Table 1: Weight-at-age 4 and 5 for lake whitefish from Lake Erie (LE) and Lake Ontario 
(LO) during time periods (TP) 1 (1954-62), 2 (1977-86), and 3 (1991-2003). Weights 
were estimated from length-weight equations generated for each lake, in each time period. 
Total length was predicted by fitting the constrained von Bertalanffy equation, where to = 
0, to back-calculated total-length at age, for standardized year classes. Estimates of the 
parameters of the von Bertalanffy equation, asymptotic length (Loo) and Brody’s growth 
















(g) Leo k R2
1 LE 4 1954 5 390  ±  24 388 680
1 LE 5 1954 5 418 ±  29 423 895 503 0.37 0.91
2 LE 4 1979 5 388 ± 2 7 386 582
2 LE 5 1979 5 412 ± 2 6 412 714 456 0.47 0.94
3 LE 4 1993 9 381 ± 3 0 378 515
3 LE 5 1993 9 * 411 666 485 0.38 0.92
1 LO 4 1957 6 371 ± 3 5 368 439
1 LO 5 1957 6 397  ± 3 1 398 563 458 0.41 0.92
2 LO 4 1981 6 368 ± 4 6 365 282
2 LO 5 1981 6 402  ±  48 403 440 510 0.31 0.87
3 LO 4 1991 7 328 ± 2 9 333 309
3 LO 5 1991 7 365 ± 3 0 365 399 444 0.34 0.93
*Note: Fish were age 4 at time of capture, so length-at-age 5 was projected using the von 
Bertalanffy function
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Table 2: Total length (TL, mm) to weight (W, g) for lake whitefish from Lakes Erie and 
Ontario during time periods 1 (1954-62), 2 (1977-86), and 3 (1991-2003). All 
relationships were significant (P < 0.001).
Time period Lake N Length-weight equation Rz
1 Erie 237 W = (0.0237 TL -0 .3902)J 0.98
2 Erie 530 W = (0.0226 TL -0 .3839)3 0.99
3 Erie 2081 W = (0.0214 TL -0 .0680)3 0.92
1 Ontario 176 W = (0.0219 TL -0.4686)3 0.84
2 Ontario 14 W = (0.0267 TL -  3.1772)3 0.93
3 Ontario 72 W = (0.0185 T L - 0.6115)3 0.84
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those from which the growth chronologies were based, years were selected that fell close 
to the mean for each time period. For time periods 1, 2 and 3, in Lake Erie 1962, 1983 
and 1996 were chosen, and for Lake Ontario 1961, 1984 and 1996 were chosen.
To describe temperature experienced by lake whitefish, daily average water 
temperatures from municipal water intakes on Lake Erie and Lake Ontario were used to 
calculate weekly average water temperatures between January 1 and December 31. It was 
assumed fish would thermoregulate to optimize energetic costs, so weekly average water 
temperatures were capped at 12°C in the summer and 4°C in the winter. To describe lake 
whitefish thermal experience in Lake Erie, two sources of water temperature data were 
combined, in an effort to account for movement patterns of lake whitefish in the lake. 
Water temperatures from the Elgin municipal water intake (latitude = 42°39’ N, longitude 
= 81°9’ W, depth = 10m, distance offshore = 1250m) in the central basin of Lake Erie 
were used from week 1 to week 25 and from week 40 to week 52, inclusive. Port Dover 
municipal water intake (latitude = 42°46’ N, longitude = 80° 12’ W, depth = 4m, distance 
offshore = 500m) data, from the east basin, was used for the summer: week 26 to week 39 
(June 25 to September 30). In Lake Erie in time period 1, only water temperature data 
from Port Dover were available, so it was summarize from January 1 to December 31. 
Lake Ontario water temperature in the outlet basin, historically important lake whitefish 
habitat, was estimated from the Kingston municipal water intake (latitude = 44° 12’ N, 
longitude = 76°30’ W, depth = 18m, distance offshore = 900m).
Data from 2003 were used to describe seasonal diets, energy densities and 
reproductive losses of lake whitefish from Lake Erie and Lake Ontario. As in Madenjian 
et al. (in review B), visual inspection of the plot of lake whitefish energy density as a 
function of fish weight (chapter 2) suggested that for lake whitefish from Lake Erie,
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energy density increased rapidly as weight of fish approached 1 OOOg, and slowed for 
larger fish. For lake whitefish from Lake Erie, two regressions were fitted, one for fish 
less than lOOOg (Y = 5984 + 3.216 • W, where Y = energy density o f lake whitefish in J/g 
wet mass, and W = lake whitefish weight in grams) and one for fish greater than lOOOg 
(Y = 8109 + 1.074 • W). For lake whitefish from Lake Erie that weighed less than lOOOg, 
data were fitted using the same slope reported in Madenjian et al. (in review B), as energy 
densities of more small fish were measured. The same pattern was not observed for lake 
whitefish from Lake Ontario; energy density appeared to increase at the same rate for fish 
of all sizes. For lake whitefish from Lake Ontario, one regression was fitted for all fish 
(Y = 5002+ 1.499 • W).
Lake whitefish prey energy densities (J/g wet mass) were summarized from 
literature (Table 3). The shell of dreissenid mussels is indigestible and therefore does not 
provide a consumer with energy. The mass of dreissenid mussels is about 56% shell and 
44% soft tissue (Johannsson et al. 2000), so the energy density of soft tissue was 
corrected to account for the proportion of weight of the animal that was not digestible. 
Energy densities of common benthic invertebrate prey items of lake whitefish were 
averaged to estimate energy density for the “other prey” category.
In terms of reproductive losses, based on measurements of gonad weight and body 
weight, preliminary data from Lake Erie collected in the fall of 2004 suggests males lost 
2.4% (n = 29) of their body weight upon spawning (T.B. Johnson, OMNR, unpubl. data). 
Female lake whitefish collected in 2003 lost 18.5% (n = 11) and 17.0% (n = 22) of their 
body weight upon spawning in Lake Erie and Lake Ontario, respectively. Lake whitefish 
spawn between late October through November in Lake Erie and Lake Ontario.
Therefore, for all bioenergetics model simulations, lake whitefish lost 10.4% and 9.7% of
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Table 3: Energy density (J/g wet mass) of lake whitefish prey used in 
bioenergetics modeling.












a. Cummins and Wuycheck 1971
b. Schneider 1992 (soft tissue only) *see methods for description 
of shell correction
c. Madenjian et al. (in review B)
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their body weight (averaging data for both sexes) in Lake Erie and Lake Ontario, 
respectively, on 1 November (Julian day 305).
Sensitivity analysis o f bioenergetics models
Sensitivity analysis was performed using the lake whitefish bioenergetics models, 
calibrated for Lake Erie and Lake Ontario, to determine whether changes in temperature 
or diet composition produced larger changes in weight-at-age 5. Using annual mean water 
temperature during the growing season from Lake Erie, the coldest and warmest years 
were chosen to use in two separate bioenergetics model simulations. Observed weight-at- 
age 5 was compared to weight predicted by the bioenergetics models for Lake Erie lake 
whitefish. Like the temperature analysis, extreme diets were used to bound how much 
diet composition influenced weight-at-age 5. Two diets were created, one with 100% 
dreissenid mussels, an energy-poor prey item (1068 J/g), and one with 100% amphipods, 
an energy rich prey item (4368 J/g). Separate simulations of bioenergetics models for lake 
whitefish from Lake Erie and Lake Ontario were used to predict weight-at-age 5, under 
extreme diet conditions. Percent change in weight-at-age 5 was calculated as: ((observed 
weight-predicted weight from bioenergetics model simulation)/observed weight)* 100. 
Bioenergetics modeling during three time periods
The refined bioenergetics model for lake whitefish (Madenjian el al. in review B), 
was applied to estimate growth rate. The most recent version of the computer software for 
the Wisconsin bioenergetics model (Hanson et al. 1997) was used for all bioenergetics 
modeling. Each simulation began on January 1 and ended on December 31. The initial 
age of the individual fish was 4 years old, and the final age was 5 years old. Energy 
density of lake whitefish and prey and reproductive losses were assumed constant 
throughout the simulations. Model simulations were created for each lake, in each time
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period (1, 2 and 3). Weight-at-age calculated for each lake, in each time period was used 
(Table 1) with annual water temperature summarized for each lake, in each time period. 
For Lake Ontario, diet data summarized from the literature (Hart 1931; Ihssen et al. 1981) 
were used for time periods 1 and 2. Diet data for each lake from 2003 were used for time 
period 3. For Lake Erie, historic diet data were not available for time periods 1 and 2, so 
proportions of diets from 2003 that consisted of dreissenid mussels were proportionally 
distributed to all other prey items, to create estimated diets for time periods 1 and 2.
Two sets of reciprocal crosses were performed to explore the effect of diet 
composition on growth rate. The first cross tested the effect of time period; the second 
cross tested the effect of lake. Bioenergetics model simulations were run for each lake, 
keeping all other conditions constant: (1) diets were switched within a lake, across time 
periods, for time period 1 and time period 3, (2) diets were switched within time periods 
1, 2 and 3, across lakes. For all simulations, weight-at-age 5 was predicted using the 
bioenergetics model. Growth rate was calculated as: ((predicted weight-at-age 5 - 
observed weight-at-age 4)/observed weight-at-age 4)* 100.
Lastly, two types of forward simulations were conducted using lake whitefish 
bioenergetics models for Lake Erie and Lake Ontario from time period 3. In the first set 
of simulations, the dreissenid mussel fractions of diets were proportionally increased 
based on observed seasonal diet data from both lakes in 2003. Seasonal diets from Lake 
Erie and Lake Ontario contained 10% more, 20% more, 50% more and 100% (or 2x) 
more dreissenid mussels than were observed in 2003. Like the reciprocal crosses, results 
of simulations were summarized as growth rate (or percent change in weight). Results 
were also reported as predicted weight-at-age 5. In the second set of simulations, the 
dreissenid mussel fraction in diets was consistently increased in both lakes. Diets from
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both lakes were assumed to contain 10%, 20%, 50%, 70% or 100% dreissenid mussels, 
all year. Results are reported as predicted weight-at-age 5.
Stable isotope analysis
To supplement historic diet data, stable isotope analysis was used because the 
composition of stable isotopes in animal tissue is a measure of assimilated diet (Peterson 
and Fry 1987). Stable carbon and nitrogen isotopic ratios were used to infer lake 
whitefish feeding preference during the three time periods. In October and November 
2003, dorsal muscle and scales were collected from lake whitefish from Lake Erie and 
Lake Ontario to develop a relationship between 513C and 815N in fish scales and dorsal 
muscle that was used to predict 813C and 815N in muscle based on archived scale samples. 
Dorsal muscle was placed in a pre-weighed aluminium drying pan and weighed. Samples 
were dried at 60 to 70°C until the mass stabilized (about 48 hours). Dried samples were 
ground into a fine powder using a mortar and pestle before being placed into clean, dry 
scintillation vials for storage. The centres of scales were removed using a punch press, 
eliminating at least the first two years of life, to control for ontogenetic effects of juvenile 
diets, when lake whitefish consume primarily zooplankton, before diet shifts towards that 
of adults, which is benthic macroinvertebrates. Lake whitefish prey items were collected 
from Lake Erie and Lake Ontario during 2003 and analyzed for isotopic ratios of 813C and 
815N.
Scales chosen from archives and used to generate growth chronologies were 
analysed for stable 813C and 815N isotope ratios, after centres of scales were removed. 
Samples were chosen in an effort to keep as many variables as possible constant over 
time, for example, size of fish, and time of capture.
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Because not all lake whitefish prey items were collected in 2003, the 813C and 
815N stable isotope ratios of taxa collected from eastern Lake Erie in 1998 and 1999 
(Vega 2000) were plotted with benthic macroinvertebrate samples collected in 2003.
The 813C and 8I5N stable isotope ratios of dorsal muscle, scale samples from 
2 0 0 3 ,  benthic macroinvertebrates and archived scale samples were determined using 
~1 mg of dried material. Analyses were completed at the Environmental Isotope 
Laboratory, University of Waterloo, using an Isochrom Continuous Flow Stable Isotope 
Mass Spectrometer (Micromass) coupled to a Carlo Erba Elemental Analyzer. Analytical 
precision ( ± 0 . 2 % o  for carbon, ± 0 . 3 % o  for nitrogen) was determined by repeat analysis of 
International Atomic Energy Agency standards (CH6 for 813C and N1 for 815N).




Mean increment width decreased significantly in the first year of life between time 
periods 2 and 3 (MANOVA: ^ 2,69 = 10.90, P 0 .0 0 1 , Fig. 1A). Results were interpreted at 
the level o f time period because there was no significant interaction of treatment variables 
(lake and time period) (F2, 69 = 1.63, P = 0.203). Mean increment width also decreased 
significantly in the second year of life, between time periods 1 and 3 (MANOVA: F2j 69 =
11.97, P<0.001, Fig. IB). Again, results were interpreted at the level of the treatment 
variable time period because there was no significant interaction of treatment variables 
(lake and time period) (F2j 69 = 3.03, P = 0.055). Visual inspection of the plot of
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Figure 1: Mean annual growth (±1 SE) for the first (A), second (B), third (C) and fourth 
years (D) o f life measured as increment width on lake whitefish scales from Lake Erie 
and Lake Ontario during time periods 1 (1954-62), 2 (1977-86), and 3 (1991-2003). 
Statistically different groups (P<0.05) are represented by letters (a-c).
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increment width during the second year of life revealed that growth was the same in Lake 
Ontario between time periods 2 and 3, although growth was different in Lake Erie 
between time periods 2 and 3 (Fig. IB). The interaction term in the second year of life is 
nearly statistically significant due to the difference in the response variable (increment 
width) in the two lakes, to the treatment variable (time period). In the third year of life, 
results were interpreted at the level of the interaction of the treatment variables (lake and 
time period), due to the significant interaction (F2, 69 = 5.20, P  = 0.007). Mean increment 
width was significantly higher in Lake Ontario in time period 2 compared to time period 
1 (Tukey’s HSD: P — 0.002, Fig. 1C), and significantly lower in time period 3 compared 
to time period 2 (Tukey’s HSD: F<0.001, Fig. 1C). There was no change in growth in 
Lake Erie in the third year of life. By the fourth year of life, there was no change in mean 
increment width in Lake Erie or Lake Ontario (MANOVA: Fi, 69 = 0.55, P  = 0.57,
Fig. ID).
Length-at-age of lake whitefish from Lake Erie was significantly smaller in time 
period 3 compared to time periods 1 and 2 (Fm, 179 = 1.42, P = 0.009, Fig. 2A). There 
was no significant difference in size between time periods 1 and 2 (Fig 1, 179= 1.01, P = 
0.48, Fig. 2A). Similarly, length-at-age of lake whitefish from Lake Ontario decreased 
significantly between time period 1 and 3 (Fj92,1 g8 = 1 -54, P = 0.002, Fig. 2B), but there 
was no statistically significant difference in time period 1 compared to time period 2  
(F190, 1 8 8= 1-03, P = 0.41, Fig. 2B).
Weight-at-age 5 decreased significantly between time periods 1 and 3 in both 
lakes (ANOVA: F2 , 24 -  3.78, P = 0.037, Fig. 3). Results were interpreted at the level of 
the treatment variable time period because there was no significant interaction of 
treatment variables (lake and time period) (F2 , 24 = 0.21, P = 0.809).
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Figure 2: Lake whitefish length-at-age modeled using the von Bertalanffy growth 
function for Lake Erie (A) and Lake Ontario (B) from back-calculated measurements of 
annular marks on fish scales from time periods 1 (1954-62), 2 (1977-86), and 3 (1991- 
2003). Length-at-age was significantly shorter in both lakes in time period 3 compared to 
time periods 1 and 2 (P<0.025).
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Figure 3: Mean weight-at-age 5 (±1 SE) of lake whitefish from Lake Erie and Lake 
Ontario during time periods 1 (1954-62), 2 (1977-86), and 3 (1991-2003). Weight-at-age 
was estimated from back-calculated length-at-age using length-weight relationships for 
each lake, in each time period. Weight-at-age was standardized for year class as in Table 
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Bioenergetics modeling
Lake Erie was wanner than Lake Ontario. The long-term average water 
temperature during the growing season (April to September) was 15.1°C in Lake Erie 
compared to 11.2°C in Lake Ontario (Fig. 4). Mean water temperature was more variable 
in Lake Erie than in Lake Ontario. In Lake Erie, the difference between the coldest and 
the warmest year was 4.8°C compared to 3.6°C in Lake Ontario (Fig. 4).
Sensitivity analysis revealed that temperature change was unlikely to explain large 
changes in weight-at-age 5 of lake whitefish (Table 4). Because diet simulations produced 
greater change in weight than temperature, subsequent analyses focused on differences in 
diet composition.
Observed percent change in weight-at-age between ages 4 and 5 was comparable 
in time periods 1, 2 and 3 in both lakes, with the exception of Lake Ontario in time period 
2, when fish grew better than average (Fig. 5). Switching diets o f lake whitefish within 
lakes, across time periods revealed fish from time period 3 grew better eating diets similar 
to time period 1. Fish from time period 1 grew poorly eating diets from time period 3 
(Fig. 5).
When time period was held constant and diets were switched between lakes using 
bioenergetic models, Lake Ontario fish grew better than observed in all three time periods 
when provided with a Lake Erie lake whitefish diet (Fig. 6). Lake Erie fish grew poorer 
than observed in all three time periods when provided with a Lake Ontario lake whitefish 
diet (Fig. 6).
To further explore the effect of diet composition on growth, proportions of 
dreissenid mussels observed in diets of lake whitefish from Lake Erie and Lake Ontario in 
2003 were proportionately increased from 10% to double the observed dreissenid
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Figure 4: Mean water temperature (°C) for Lake Erie (1972-2003) and Lake Ontario 
(1959-2003) during the growing season (April to September). Lake Erie temperatures 
calculated from mean daily water temperatures at the Elgin Municipal Water Treatment 
Plant, west of Port Stanley (central basin) and the Port Dover Municipal Water Treatment 
Plant, in the eastern basin. Lake Ontario data was calculated from Kingston Municipal 
Water Treatment Plant.
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Table 4: Percent difference in weight-at-age 5 of lake whitefish from Lake Erie and Lake 
Ontario, during time period 2 (1977-1986) produced by extreme water temperature years 
or extreme diet composition. Percent difference in weight for each lake calculated as: 
((observed weight-predicted weight)/observed weight)* 100. Symbols show the direction 
of weight change: increase (+) or decrease (-).
Simulation Lake Erie Lake Ontario
Temperature
Cold year -6% No data
Warm year + 8% No data
Diet composition
100% Dreissenids - 53% - 42%
100% Amphipods + 61% + 81%
















O  Lake Erie (observed)
□  Lake Ontario (observed) 
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Figure 5: The effect of reciprocal diet crosses between time periods 1 and 3 on growth of 
lake whitefish within Lake Erie and Lake Ontario, expressed as % change in weight 
between the ages of 4 and 5. Observed weight-at-age was estimated from back-calculated 
length-at-age using length-weight relationships for each lake, in three time periods: TP1 
(1954-62), TP2 (1977-86), and TP3 (1991-2003). Simulated weight-at-age was generated 
using a lake whitefish bioenergetics model calibrated for Lake Erie and Lake Ontario, 
where diets were switched within each lake, between time periods 1 and 3 (time period 3 
with time period 1 diet [TP3wTPl] and time period 1 with time period 3 diet 
[TPlwTP3]).
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Figure 6: The effect of reciprocal diet crosses between Lake Erie and Lake Ontario across
time periods on growth of lake whitefish, expressed as % change in weight between the
ages of 4 and 5. Observed weight-at-age was estimated from back-calculated length-at-
age using length-weight relationships for each lake, in three time periods: TP1 (1954-62),
TP2 (1977-86), and TP3 (1991-2003). Simulated weight-at-age was generated using a
lake whitefish bioenergetics model calibrated for Lake Erie and Lake Ontario, where diets
were switched between the two lakes, within time periods 1, 2, and 3.
o Lake Erie (observed)
□ Lake Ontario (observed) ■
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■ Lake Ontario (simulation)
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69
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
fraction. Both growth (Fig. 7 A) and weight-at-age 5 (Fig. 7B) of lake whitefish decreased 
as the proportion of dreissenid mussels increased in diets.
When bioenergetic simulations were conducted using prescribed fractions of 
dreissenid mussels, weight-at-age 5 increased marginally when diets were composed of 
10% dreissenid mussels (Fig. 8). After proportions of dreissenid mussels in diets 
increased more than 20%, reduced weight-at-age 5 was predicted (Fig. 8). Current diets 




The slopes of relationships between 5 C values in scales and dorsal muscle for 
Lake Erie and Lake Ontario were homogeneous (Fz, 46 = 1.55, P=0.22) so the intercepts 
were compared. There was a significant effect of lake on 8°C  values in dorsal muscle of 
lake whitefish collected from Lake Erie and Lake Ontario in 2003 (ANCOVA: F 2 ,48 = 
25.66, P 0 .0 0 1 , Fig. 9A) so separate regression equations were estimated for each lake to 
describe the relationship between 513C values in fish scales compared to dorsal muscle. 
There was a significant linear relationship between 813C values in muscle and scales from 
Lake Erie (Fi,3 i = 81.19, P 0 .0 0 1 , Fig. 9A) and Lake Ontario (F , 7 = 5.78 P<0.04, Fig.
IT IT9A) in 2003. Regression equations were used to predict 8  C values in muscle (C M) 
based on 8 13C values of historic lake whitefish scales (C13S) (Lake Erie: C13M — 1.29 - 
C13S + 2.85, R2 = 0.72, N=  33; Lake Ontario: C13M = 0.86 ■ C13S -  4.31, R2 = 0.45, N  =
9, Fig. 9A).
The slopes of relationships between S15N values in scales and dorsal muscle for 
Lake Erie and Lake Ontario were also homogeneous (F2, 46 = 1-87, P = 0.16) so the 
intercepts were compared. There was also a significant effect of lake on 8 15N values in
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Figure 7: The effect on growth (A) and weight-at-age 5 (B) of proportional increases in 
dreissenid mussels in diets of lake whitefish from Lake Erie and Lake Ontario. Observed 
weight-at-age was estimated from back-calculated length-at-age using length-weight 
relationships for each lake, in three time periods: TP1 (1954-62), TP2 (1977-86), and TP3 
(1991-2003). Simulated weight-at-age was generated using a lake whitefish bioenergetics 
model calibrated for Lake Erie and Lake Ontario. Proportional increases of dreissenid 
mussels were calculated based on observed diets from Lake Erie and Lake Ontario during 
2003: increased 10%, 20%, 50%, and 100% (i.e. double the proportion of dreissenid 
mussels observed in diets from 2003).
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Figure 8: The effect on weight-at-age 5 of increased proportion of dreissenid mussels in 
diets of lake whitefish from Lake Erie and Lake Ontario. Observed weight-at-age was 
estimated from back-calculated length-at-age using length-weight relationships for each 
lake, in three time periods: TP1 (1954-62), TP2 (1977-86), and TP3 (1991-2003). 
Simulated weight-at-age was generated using a lake whitefish bioenergetics model 
calibrated for Lake Erie and Lake Ontario. Simulated diets include 10%, 20%, 50%, 70% 
and 100% dreissenid mussels by mass. The remaining fraction of the diet was in 
proportion to the observed fractions in 2003 diets for each lake.
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Figure 9: Relationship between 813C (A) and 815N (B) in fish scales and dorsal muscle of 
lake whitefish collected from Lake Erie and Lake Ontario during 2003, used to predict 
813C and 815N in muscle based on archived scale samples. There was a significant 
relationship between 813C in scale and muscle in both lakes (P 0 .001) and a significant 
relationship between S15N in scale and muscle in Lake Erie (P = 0.002) but not in Lake 
Ontario (P = 0.07).
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dorsal muscle of lake whitefish collected in 2003 (ANCOVA: F2. 48 = 11.72, PO.OOl,
Fig. 9B) so separate regression equations were estimated for each lake to describe the 
relationship between 8 15N values in fish scales compared to dorsal muscle. There was a 
significant linear relationship between 8 15N values in muscle and scales from Lake Erie 
(F\t31 = 11.49, P = 0.002, Fig. 9B), but not for Lake Ontario {F\>i = 4.41, P = 0.07, Fig. 
9B) in 2003. This may be partly because of low sample size in Lake Ontario. Despite 
non-significant results for Lake Ontario, regression equations were used to predict 8 15N 
values in muscle (N15M) based on 8 15N values of historic lake whitefish scales (N15S) 
(Lake Erie: N 15M = 0.48 • N ,5S + 8.29, R2= 0.27, N =  33; Lake Ontario: N 15M = 0.58 ■ 
N 15S + 6.15, R2 = 0.39, N =  9, Fig. 9B). The equation for Lake Ontario explained more of 
the variance in 8 15N values of dorsal muscle than the equation for Lake Erie.
1 "3There was a significant effect of time period on estimated 8  C values of lake 
whitefish muscle (MANOVA: F2, 57 = 98.80, P<0.001, Fig. 10A). Results were 
interpreted at the level of the interaction of the treatment variables (lake and time period), 
due to the significant interaction (MANOVA: Fz, 57 = 30.00, P 0 .001). Mean 813C was 
significantly lower in Lake Erie in time period 2 compared to time period 1 (Tukey HSD: 
P = 0.001, Fig. 10A), in time period 2 compared to time period 3 (Tukey HSD: P = 0.001, 
Fig. 10A), and in time period 1 compared to time period 3 (Tukey HSD: P  = 0.001, Fig. 
10A). Mean S13C was significantly lower in Lake Ontario in time period 3 compared to 
time period 1 (Tukey HSD: P<0.001, Fig. 10A).
There was also a significant effect of time period on estimated 815N values of lake 
whitefish muscle (MANOVA: F2 , 57 = 33.10, P 0 .0 0 1 , Fig. 10A). Results were 
interpreted at the level of the interaction of the treatment variables (lake and time period) 
using Tukey’s HSD, due to the significant interaction (MANOVA: Fz, 57 = 18.00,
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Figure 10: Mean 813C (A) and 815N (B) (±1 SE) of lake whitefish from Lake Erie and 
Lake Ontario during 3 time periods: 1 (1954-62), 2 (1977-86), and 3 (1991-2003). Isotope 
values were estimated muscle signatures derived from scale samples. Statistically 
different groups (P<0.05) are represented by letters, (a-d).
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PO.OOl). Mean 515N was significantly higher in Lake Erie in time period 2 compared to 
time period 1 (Tukey HSD: PO.OOl, Fig. 10B), significantly lower in time period 3 
compared to time period 2 (Tukey HSD: PO.OOl, Fig. 10B), and significantly lower in 
time period 3 compared to time period 1 (Tukey HSD: P = 0.001, Fig. 10B). There were 
no significant differences in estimated 815N values in Lake Ontario lake whitefish muscle 
between time periods 1 and 2 (Tukey HSD: P  = 0.757, Fig. 10B), or time periods 2 and 3 
(Tukey HSD: P = 0.722, Fig. 10B).
i - i  |  c
When 8 C values and 8 N values were plotted together for lake whitefish from 
Lake Erie and Lake Ontario over time, in combination with benthic macroinvertebrates 
collected from both lakes in 2003, it was evident that dreissenid mussels were more 
depleted in 8 C relative to other benthic macroinvertebrates (Fig. 11).
Discussion
Retrospective studies can help shed light on responses of species to past changes 
in the environment and broaden the context in which current changes are interpreted. 
Reckahn (1986) used long-term data (1917-1985) from Lake Huron to describe patterns 
of variation in growth of lake whitefish and to identify important environmental factors 
that could explain observed variation. Changes in growth rate during the first year of life 
were observed using back-calculations based on scales (Reckahn 1986). Back-calculated 
weights-at-age agreed well with empirical observations, when years of sampling 
overlapped (Reckahn 1986). Long-term cycles in temperature and water level were 
positively correlated with growth, which explained 88% of the variation (Reckahn 1986). 
The author suggested that higher water levels increase growth of lake whitefish because 
higher water levels were shown to increase standing crops of small cladocerans (Martin et
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Figure 11: 813C and 815N isotopic composition of lake whitefish from Lake Erie and Lake 
Ontario during 3 time periods: 1 (1954-62), 2 (1977-86), and 3 (1991-2003) and benthic 
invertebrates collected from Lake Erie and Lake Ontario in 2003. Also plotted are 
isotopic compositions of taxa collected from eastern Lake Erie by Vega (2000) in 1998- 
1999.
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al. 1981), which are important prey of young lake whitefish (Reckahn 1970). Diets of 
young-of-the-year lake whitefish consist of zooplankton until the summer, when benthic 
macroinvertebrates begin to be consumed (Reckahn 1970). During time period 2, Lake 
Erie and Lake Ontario lake whitefish increment width in the first year of life was 
measured during average to cold temperature years, according to mean annual 
temperature of the growing season. In time period 3, the first year of growth was 
measured during average to warm temperature years. Despite the potential advantage of 
hatching during warmer temperature years, lake whitefish did not grow as well in time 
period 3 as in time period 2. It could be that prey availability was limited for young fish. 
Decreases in abundance of zooplankton have been documented in Lake Ontario 
(Johannsson 2003) and Lake Erie (MacDougall et al. 2001) since the early 1990s. In Lake 
Erie, age-1 rainbow smelt (<135 mm fork length) which feed primarily on zooplankton, 
were significantly smaller in 1991-1996 compared to 1985-1990 (Dermott et al. 1999).
As with lake whitefish, diets of rainbow smelt change to benthic invertebrates, such as 
amphipods, as they grow. Authors attributed decreased growth to influences of reduced 
phosphorous loading and colonization by dreissenid mussels (Dermott et al. 1999).
In time period 3, juvenile growth, measured as annual increment width on scales, 
was less than observed in previous time periods. By age 4, there was no difference in 
growth across time periods. Even though growth rate, the amount of length accrued in one 
year, was the same in the fourth year of growth across time, size-at-age in time period 3 
was significantly smaller compared to earlier time periods (Fig. 2). Therefore, reduced 
growth in the first years of life appears to have long-term effects on size-at-age of adults, 
both in terms of length and weight. These findings are consistent with those of Reckahn 
(1986), who used annular increments over all year classes from back-calculated data sets
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to examine the relation between size attained early in life and subsequent growth, or size- 
at-age of adults. Reckahn (1986) found that increased growth of lake whitefish in their 
first year of life was magnified through subsequent ages.
In the past 15 years, much work has been done in the field of compensatory 
growth in fishes, which suggests that growth rate could accelerate if favourable 
conditions are restored after a period of growth depression. Growth trajectories of fish 
that experienced growth depression converged with trajectories o f animals that did not 
experience growth depression (Ali et al. 2003). Advantages of growth compensation may 
relate to size dependency of mortality or fecundity. Rates during growth compensation 
exceed those observed in fish that did not experience growth depression, suggesting that 
fish do not typically grow at the maximum rate possible. There may be costs associated 
with rapid growth rates that must be traded off against its benefits. Such costs may 
include greater risk of developing abnormalities or high mortality rates because rapid 
growth entails physiological adjustments, such as increased oxygen consumption, that 
could increase mortality under adverse conditions (Ali et al. 2003). The expression of 
growth compensation is dependent on the nature, severity and duration of the under­
nutrition and the stage of development at the start of the under-nutrition (Ali et al. 2003). 
The growth trajectories, in terms of length-at-age, and growth rates of lake whitefish from 
Lake Erie and Lake Ontario in time period 3 do not appear to exhibit a pattern of growth 
compensation. One might expect to see increased growth rate between ages 4 and 5 in 
time period 3 compared to time period 2 for fish whose growth was depressed during the 
first two years of life. It could be that the period of deprivation, during juvenile growth, 
was too severe to allow for compensation or that, as adults, environmental conditions did 
not favour accelerated growth, particularly in Lake Ontario, where an important prey item
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in adult lake whitefish diets, Diporeia, was absent. The results of reciprocal crosses 
suggest the potential for increased growth rate of fish from time period 3, if  diet 
composition were the same as in time period 1. Lake Ontario fish from time period 3 fed 
a Lake Erie diet also demonstrated improved growth rate potential, compared to observed 
growth rate in Lake Erie and in Lake Ontario during time period 3. Lake Erie lake 
whitefish exhibited lower growth rates in model simulations consuming Lake Ontario 
diets, in all three time periods. This is likely due to a combination of reasons in addition 
to diet composition: water temperature is cooler in Lake Ontario compared to Lake Erie, 
which improves growth efficiency (Brett and Groves 1979). Also, Lake Erie lake 
whitefish were larger at age 4 than Lake Ontario lake whitefish, and relative growth rate 
is greater at smaller sizes (Brett and Groves 1979).
An interesting case may be fish from Lake Ontario in the second time period. 
Growth chronologies demonstrated these fish grew relatively well during the juvenile 
stage, the first several years of life before sexual maturity (Fig.l). However, weight-at- 
age 4 was the smallest observed weight-at-age 4 for all time periods, in both lakes (Table 
1). Growth rate, in terms of weight accrued between the ages of 4 and 5, in time period 2 
in Lake Ontario was nearly two times greater than in any other time period, in either lake 
(Fig. 5). Weight-at-age 5 in Lake Ontario in time period 2 was not statistically different 
from weight-at-age 5 in Lake Ontario in time period 1 (Fig. 3). Increased growth rate and 
size-at-age comparable to time period 1 suggests that these fish exhibited growth 
compensation, in time period 2, when environmental conditions were suitable, such as 
availability of energy rich diet items like Diporeia and Mysis.
Stable isotopes have been used to investigate consequences of species invasions 
on food webs. Top predators in invaded lakes had lower (or more negative) 813C values
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and reduced trophic position (based on 515N values) than those from reference lakes 
(Vander Zanden et al. 1999). In Lake Erie and Lake Ontario, 513C values of lake 
whitefish were depleted (or more negative) in time period 3 compared to S13C values 
from earlier time periods. Dreissenid mussels had a more pelagic carbon signal (more 
negative) relative to other benthic macroinvertebrates. Values of 813C from dreissenid 
mussels collected in 2003 agreed well with samples collected from eastern Lake Erie in 
1998 and 1999 (Vega 2000). Depleted 813C values observed in lake whitefish in time 
period 3 could be a result of feeding on dreissenid mussels. Similar decreases in S13C 
values were observed in walleye tissue collected from the western basin of Lake Erie 
from 1978 to 1995 (Kiriluk et al. 1999). The most dramatic decrease in 813C values 
occurred from 1987 to 1995 and coincided with the establishment of dreissenid mussels 
in western Lake Erie (Dermott and Munawar 1993). The S15N values in walleye tissue did 
not change significantly from 1978 to 1995, although they showed more variability, year 
to year, than did 813C values (Kiriluk et al. 1999).
Stable isotopes have also been used to explore the history of nutrient loading in 
the lower Great Lakes. Carbon isotopic composition of sedimented organic C in large, 
deep lakes can be used to trace the response of a lake to nutrient loading (Schelske and 
Hodell 1991). The approach assumes that 813C of organic carbon produced through 
photosynthesis is controlled by primary productivity in the water column (Schelske and 
Hodell 1991). Trends in 813C values in a core from Lake Ontario corroborated historic 
changes in total phosphorous (TP) in lake water (Schelske and Hodell 1991). In three 
cores from eastern Lake Erie, trends in 813C values mirrored trends in phosphorous 
loading. Productivity peaked in the mid-1970s but has declined since phosphorous 
abatement programs (Schelske and Hodell 1995). A sharp decrease in S13C values
81
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
occurred in 1990, coincident with basin-wide establishment of dreissenid mussels. 
Authors suggest observed variation may be due to major changes in ecosystem processes
1 -i
(Schelske and Hodell 1995). Decreases in 8 C values in lake whitefish over time, 
particularly in Lake Erie, could be a response to decreased nutrient loading compounded 
by the inclusion of a prey item with a relatively pelagic carbon signal, dreissenid mussels.
It is more difficult to comment on observed S15N values than on 813C values in 
lake whitefish over time. While fish from Lake Ontario showed no change in 815N values 
over time, fish from Lake Erie had different 815N values in all three time period. Due to 
enrichment of 815N at higher trophic levels, values tend to exhibit higher variance than 
813C values (Fig. 9). The need to establish 815N baselines to compare 815N values across 
time or space has been widely accepted to “correct” for differences in 815N values at the 
base of food chains in different systems (Cabana and Rasmussen 1996; Post 2002;
Vander Zanden et al. 1997). Retrospective studies present unique challenges to estimating 
815N baselines because historic samples must previously exist that can be used for stable 
isotope analysis. Cores from Lake Erie suggest that total nitrogen concentration in 
sediment increased in the 1950s and 1960s in response to historic increases in 
phosphorous loading, but did not decrease markedly in response to reduced phosphorous 
loading in the mid-1970s (Schelske and Hodell 1995).
In summary, growth was significantly reduced in the first two years of life of lake 
whitefish from Lake Erie and Lake Ontario in time period 3 compared to time periods 1 
and 2. By the fourth year of life, there was no change in growth in terms of increment 
width on scales; however, weight-at-age 5 declined significantly in Lake Erie and Lake 
Ontario in time period 3 compared to time periods 1 and 2. Length-at-age was also 
significantly shorter in time period 3 compared to time periods 1 and 2 in Lake Erie and
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Lake Ontario. Growth rate of adult fish did not change greatly over time, with the 
exception of fish from Lake Ontario during time period 2, which exhibited a growth rate 
nearly two times greater than any observed growth rate from other time periods, in both 
lakes. Juvenile lake whitefish eat primarily zooplankton. The structure of plankton 
communities is affected by phosphorous concentrations. Reduced abundance of 
zooplankton due directly to reduced phosphorous loadings and indirectly to filtering 
activities of dreissenid mussels may contribute to decreases in early growth rates of lake 
whitefish. Observed changes in lake whitefish size-at-age as adults may be related to 
changes near the base of the food web because reduced growth rates during early life 
stages appears to have long-term effects on size-at-age of adults, particularly in systems 
where environmental conditions no longer favour growth compensation or when the 
period of deprivation, during juvenile growth, is too severe to allow for compensation. 
Decreased 813C values of lake whitefish over time could be due to decreased nutrient 
levels since phosphorous abatement programs were initiated in the early 1970s as well as 
consumption of dreissenid mussels, a prey item with a pelagic carbon signal relative to 
other benthic macroinvertebrates usually found in lake whitefish diets.
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Chapter 4:
Discussion
Biotic and abiotic factors influencing growth of lake whitefish during different 
life stages are complex and interrelated. Larval growth and survival are tightly coupled 
and play a role in eventually determining lake whitefish population size (Brown and 
Taylor 1992). During the 1990s, decreased growth of lake whitefish during the first two 
years of life was demonstrated in Lake Erie and Lake Ontario. Decreased abundance of 
lake whitefish, particularly in Lake Ontario, may be due, in part, to poor survival of 
larvae. Work done by Freeberg et al. (1990) suggests that the larval stage of lake 
whitefish development can act as a bottleneck to reduce survival of fish to age-1 in Lake 
Michigan. Larval bottlenecks can be caused by reduced prey availability (Shuter 1990). 
Freeberg et al. (1990) found overwintering egg survival and the amount of food available 
to larval lake whitefish during the first 7 weeks of life were the major determinants of 
year-class success, measured as abundance of age-1 lake whitefish. Egg survival was 
much higher when ice formed in Grand Traverse Bay, preventing exposure of fertilized 
eggs to wind, wave and current action throughout the winter. Prey abundance, growth rate 
and larval survival all showed similar trends over the sampling period (Freeberg et al. 
1990). Larval growth was altered by relatively small changes in zooplankton density or 
the abundance of larval lake whitefish; authors suggest that growth is a sensitive indicator 
of the amount of energy available to larval fish in their environment (Freeberg et al.
1990). Lower larval growth due to lower amounts of energy available to individual larva 
was reflected in larval survival. Decreased abundance of zooplankton documented in 
Lake Ontario (Johannsson 2003) and Lake Erie (MacDougall et al. 2001) since the early 
1990s likely contributed to decreased growth and survival of larval lake whitefish and
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ultimately to decreased abundance of adult lake whitefish. Decreased abundance of 
zooplankton is related to overall reduced productivity in Lake Erie (Makaerwicz 1993) 
and Lake Ontario (Johannsson 2003) due to reductions in phosphorus loading during the 
mid-1970s through the 1980s and filtering activity of dreissenid mussel populations in the 
1990s.
It is possible that higher body condition ((weight x 105)/length3) of lake whitefish 
in Lake Erie compared to Lake Ontario may confer some advantage to offspring in Lake 
Erie. Plots of energy density (kJ/g) of lake whitefish from Lake Erie and Lake Ontario in 
2003 suggest that energy densities of eggs (or energy density at weight = Og) may be 
higher in Lake Erie than in Lake Ontario. Such speculations must be interpreted with 
caution, as they are beyond ranges of present data; neither energy density of eggs nor 
larval lake whitefish were measured. In laboratory experiments, Brown and Taylor (1992) 
found that egg composition and prey availability influenced growth and survival of larval 
lake whitefish from Lake Michigan and Lake Huron. There were significant positive 
relationships between larval length at hatch and egg composition parameters, such as egg 
caloric density and egg lipid content (Brown and Taylor 1992). There was also a 
significant relationship between parental females and endogenous growth rate of hatched 
larvae, defined as the first 21 days of life, when larvae yolk sac absorption occurred but 
larvae were not fed an exogenous food source. The relationship between parental females 
and endogenous growth rates of their larvae was related to egg composition (Brown and 
Taylor 1992). In terms of exogenous growth rates of larvae, 4-6 weeks post-hatch, there 
was a significant relationship between parental females and the exogenous growth rate of 
their off-spring. There were also significant positive relationships between both feeding 
ration and exogenous growth, as well as between feeding ration and larval survival during
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exogenous feeding (Brown and Taylor 1992). It is possible that lake whitefish in higher 
condition in Lake Erie possess more available energy for reproductive products than lake 
whitefish from Lake Ontario. Stronger maternal contributions could provide buffers for 
survival of larval lake whitefish in Lake Erie.
Whether or not larval lake whitefish from Lake Erie benefit from higher condition 
of adult fish, in terms of early growth, fish from Lake Erie and Lake Ontario exhibited 
comparable decreases in growth during the first two years of life. Size-at-age based on 
growth chronologies constructed from lake whitefish scales also revealed similar trends 
of decreased size-at-age in both Lake Erie and Lake Ontario. However, index gillnet data 
from the 1990s presented a different story. Size-at-age of lake whitefish decreased in 
Lake Ontario, but not in Lake Erie. Decreased size-at-age was not expected in Lake Erie, 
based on previous work done by Cook et al. (2005) which found no long term changes in 
lake whitefish growth or condition during the 1990s.
Considerable attention has been paid to the errors that can be associated with 
back-calculation of fish size based on bony structures (Carlander 1981; Francis 1990; 
Zivkov 1996). However, the utility of back-calculation to provide some estimate of size 
which is no longer available through direct measurement may partly explain its 
persistence in the literature. Growth, in terms of length, tends to be linear during early 
ages, when fish are growing fast (Ricker 1979), so the assumption required to use a back 
calculation regressions, that the relationship between fish and scale length is linear, is 
probably true. Similarly, there is normally good agreement between ages assessed from 
calcified structures and actual ages for young and fast-growing fish, up to 6 years of age 
(Casselman 1983). It appears as though length-at-age back-calculated using the equation 
from Smale and Taylor (1990) under-estimates size-at-age of lake whitefish from Lake
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Erie and Lake Ontario during three time periods. Reckahn (1986) encountered a similar 
problem when he used back-calculation based on scales to estimate growth for 47 year 
classes of lake whitefish from Lake Huron. For some years, empirical data was available 
which revealed that even though size-at-age was underestimated, back-calculation did 
accurately assign year classes to their proper rank. The author concluded that even though 
the absolute values were underestimated, back calculation provided an accurate 
comparative method. Weights-at-age 4 and 5 reported in this study fell within the range 
of empirical weights reported by Reckahn (1986).
There are also potential sources of error associated with bioenergetics models 
calibrated for Lake Erie and Lake Ontario lake whitefish. In the absence of specific 
historic data, assumptions were made that energy densities of lake whitefish and their 
prey were constant through time. It was assumed that lake whitefish lost the same 
proportion of body mass to reproduction in all three time periods, based on empirical data 
from 2003 and 2004. Assumptions were also made about proportions of prey items in 
historic diets, especially in Lake Erie where data were unavailable. The refined 
bioenergetics model for lake whitefish seemed sensitive to estimates of proportion of 
maximum consumption, which were likely associated with underestimates of 
consumption (Madenjian et al. in review). This could be partly due to the fact that the 
model was largely parameterized for bloater chub (Coregonus hoyi), a smaller fish than 
lake whitefish, and nearly all of the equations used by the model are allometric functions 
of mass. Madenjian et al. (in review) were able to improve the generalized coregonid 
model performance from overestimating consumption of lake whitefish by 70% to 
underestimating consumption by 20%. Authors concluded that the likely source of the 
model error was in its respiration component and called for accurate measurements of
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lake whitefish respiration rates at different sizes, water tempertatures and swimming 
speeds (Madenjian et al. in review). While this work was beyond the scope of the present 
study, proportions of maximum consumption attained using the bioenergetics models for 
lake whitefish from Lake Erie and Lake Ontario fell within the range of those observed 
by Madenjian et al. (pers. comm.).
Recommendations for future studies include more work targeted at early life 
history. Investigations of abiotic factors that affect growth rate, such as temperature and 
water level coupled with biotic factors, such as prey availability and energy density of 
eggs and larval fish would be worthwhile. It would be interesting to test if there are 
differences in maternal contributions to offspring in Lake Erie and Lake Ontario. Finally, 
growth chronologies could be constructed from samples chosen with increased temporal 
resolution, to investigate trends in growth rate through time.
In conclusion, decreases in lake whitefish abundance, growth and condition were 
demonstrated in Lake Ontario, however similar declines were not observed in fish from 
Lake Erie using data collected from 1990 to 2003. However, retrospective analysis using 
archived lake whitefish scales revealed that growth was significantly reduced in the first 
two years o f life in both Lake Erie and Lake Ontario in time period 3 (1991-2003) 
compared to time periods 1 (1954-62) and 2 (1977-86). By the fourth year of life, there 
was no change in growth in terms of increment width on scales, however, weight-at-age 5 
declined significantly in Lake Erie and Lake Ontario in time period 3 compared to time 
periods 1 and 2. Length-at-age was also significantly shorter in time period 3 compared to 
time periods 1 and 2 in Lake Erie and Lake Ontario. Growth rate of adult fish did not 
appear to change greatly over time. It could be that observed changes in lake whitefish 
size-at-age are related to changes near the base of the food web because reduced growth
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rates during early life stages appears to have long-term effects on size-at-age of adults. 
Juvenile lake whitefish eat primarily zooplankton and the structure of plankton 
communities is affected by phosphorous concentrations in the water column. Decreased 
abundance o f  zooplankton due directly to reduced phosphorous loadings and indirectly to 
filtering activities of dreissenid mussels may contribute to decreases in early growth rates 
of lake whitefish. It is possible, following changes in individual growth, that natural 
population-level regulating processes may be triggered leading to changes in abundance, 
mortality and survivorship that allow compensation processes to off-set stressor-related 
effects (Power 2002).
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Appendix A:
Raw data tables of stable carbon and nitrogen isotopic ratios from Chapter 3
(Contact the Ontario Ministry of Natural Resources for all length, weight, and age data. 
Lake Erie data: Andy Cook, Lake Erie Fisheries Station, 320 Milo Road, Wheatley ON 
NOP 2P0, phone: (519) 825-3640. Lake Ontario data: Jim Hoyle, Glenora Fisheries 
Station, R.R. #4, Picton ON KOK 2T0, phone: (613) 476-7977).
Table Al: Stable carbon and nitrogen isotopic ratios from benthic invertebrates collected 
from Lake Erie and Lake Ontario in June and August 2003. Erie = Lake Erie,
Ontario = Lake Ontario, C l3 = reported delta carbon-13, N15S = reported delta 
nitrogen-15, n/a = taxa not sampled.
prey item Erie C13 Erie N15 Ontario C13 Ontario N15
dreissenid mussels -23.76 5.84 -26.97 8.62
sphaeriids -22.60 7.82 n/a n/a
gastropods -22.60 8.85 -16.52 8.86
isopods n/a n/a -19.36 8.65
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Table A2.1: Stable carbon and nitrogen isotopic ratios from lake whitefish scales and 
dorsal muscle sampled from Lake Erie in October and November 2003. Fish ID = unique 
fish identification number, TL = total length (mm), FL = fork length (mm), RWT = round 
weight (g), Age = age (years), C13S = reported delta carbon-13 in fish scales, N15S = 
reported delta nitrogen-15 in fish scales, C13M = reported delta carbon-13 in dorsal 
muscle, N15M = reported delta nitrogen-15 in dorsal muscle, n/a = data not available.
Fish ID TL FL RWT Sex Age C13S N15S C13M N15M
130 499 n/a 1417 male 4 -20.5769 14.8893 -23.9179 15.1315
131 383 n/a 582 female 2 -20.3269 14.2174 -22.7587 14.5311
132 377 n/a 503 female 5 -20.9565 15.3732 -23.6667 15.8140
133 333 n/a 357 female 2 -20.3067 14.9923 -22.5748 15.9033
135 145 n/a 24 n/a 0 -19.4664 15.0243 -22.4115 15.5047
137 153 n/a 28 n/a 0 -19.7577 14.4396 -22.6255 15.0863
138 149 n/a 26 n/a 0 -19.5900 14.3091 -22.6372 15.5159
139 158 n/a 29 n/a 0 -19.3582 15.0760 -22.2417 15.3070
140 162 n/a 29 n/a 0 -19.5246 14.6690 -22.4287 15.6211
142 402 n/a 643 female 4 -20.6360 14.3673 -23.3424 15.2654
143 535 n/a 1770 female 5 -20.8887 14.8197 -23.8217 14.9569
144 320 n/a 521 female 4 -20.6274 15.6483 -23.2818 16.0467
146 164 n/a 32 n/a 0 -19.6618 15.7507 -23.1071 15.5153
149 353 n/a 383 male 2 -20.0900 15.6090 -22.2347 15.9004
1309 578 n/a 2317 female 6 -20.4202 14.8741 -24.5981 14.9453
1311 572 n/a 2093 male 8 -21.4586 14.5470 -25.4732 14.6831
1314 547 n/a 2169 female n/a -22.3317 14.7187 -26.8652 15.0244
1315 444 n/a 989 male 5 -19.4657 15.4780 -23.2099 15.6020
1322 528 n/a 1666 male 5 -21.8050 14.9924 -24.6371 15.5226
1323 540 n/a 1676 male 6 -20.9408 15.2372 -24.1836 15.5875
1325 483 n/a 1439 female 6 -20.6479 14.2413 -23.8237 15.2811
1327 492 n/a 1433 male 5 -20.9105 14.7900 -24.8145 15.3449
1329 354 n/a 428 male 3 -20.5138 14.8943 -22.4509 15.4791
1330 342 n/a 458 male 4 -20.0562 14.8357 -22.8614 15.6331
1331 367 n/a 464 male 2 -20.0125 15.0198 -22.4830 15.6667
1338 572 n/a 2186 female 8 -20.7946 14.8686 -24.4038 16.1401
4382 531 475 1673 male n/a -20.8294 14.3981 -23.9584 15.8090
4383 566 514 1841 female 6 -20.6756 15.2109 -23.7240 16.0853
4385 533 478 1701 female 8 -21.1158 14.8689 -24.7406 15.5034
4386 468 423 1191 male 5 -21.2466 14.3318 -24.1745 15.0100
4387 478 432 1112 female 5 -20.8814 15.1388 -23.4098 15.2700
4402 514 465 1383 male 7 -20.7039 15.2996 -24.1167 15.2635
4409 598 548 2174 male 9 -20.9743 15.3901 -24.4436 15.5619
100
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Table A2.2: Stable carbon and nitrogen isotopic ratios from lake whitefish scales and 
dorsal muscle sampled from Lake Ontario in October and November 2003. Fish ID = 
unique fish identification number, TL = total length (mm), FL = fork length (mm), RWT 
= round weight (g), Age = age (years), Lake = lake stock from Lake Ontario (used in 
analyses in Chapter 3), Bay = bay stock from Lake Ontario, C13S -  reported delta 
carbon-13 in fish scales, N15S = reported delta nitrogen-15 in fish scales, C13M = 
reported delta carbon-13 in dorsal muscle, N15M = reported delta nitrogen-15 in dorsal 
muscle, n/a = data not available.
Fish ID TL FL RWT Sex Age LakeC13S LakeN15S LakeC13M LakeN15M
205068 555 496 1409 male 16 -21.8300 15.4085 -20.8965 14.7037
205069 608 553 1860 female 15 -22.5731 14.7342 -23.5503 14.8990
205075 534 481 1363 female 12 -20.4670 14.7116 -22.1056 15.0553
205076 581 526 1776 female 15 -22.7684 16.2601 -24.5122 15.1969
205080 456 410 896 male 10 -20.4451 16.0067 -22.3906 15.8809
205082 523 472 1210 male 9 -22.9063 15.2211 -22.4839 15.2960
205088 623 554 2193 female 20 -23.0135 14.4060 -25.3270 14.1233
205089 601 542 1904 male 13 -23.0550 15.1559 -24.5881 14.1287
205091 570 511 1581 female 10 -20.5951 15.4413 -22.0422 15.1457
Fish ID TL FL RWT Sex Age BayC13S BayN15S BayC13M BayN15M
205036 541 488 1439 female 13 -21.8611 14.7487 -24.0473 14.5282
205037 587 530 1602 female 13 -22.5312 15.6647 -25.2088 15.5248
205041 411 367 535 male 10 -20.9167 15.3154 -24.3020 16.1779
205044 355 318 330 male 10 -26.7920 15.8616 -29.2824 16.3437
205048 483 432 976 female 10 -22.0180 15.3825 -24.5932 15.7693
205052 548 493 1530 male 12 -19.3996 14.6605 -21.3371 14.3172
205053 468 420 1010 female 10 -22.3468 13.0557 -25.1922 13.8948
205058 484 435 1071 male 12 -22.6488 14.4054 -25.4621 13.9903
205059 379 334 401 male 8 -22.8000 16.0502 -25.6209 16.2797
205061 410 371 1618 female 7 -24.7787 13.8245 -26.9405 14.6607
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Table A3.1: Table of stable carbon and nitrogen isotopic ratios from lake whitefish 
archived scales. Fish collected from Lake Erie in October and November. Years fish were 
collected are given in column headings for stable isotopic ratios. Fish ID = unique fish 
identification number, FL = fork length (mm), RWT = round weight (g), Age = age 
(years), Erie = Lake Erie, C l3 = reported delta carbon-13 in fish scales, N15 = reported 
delta nitrogen-15 in fish scales, n/a = data not available.
Fish ID FL RWT Sex Age Erie1959 C13 Erie1959 N15
6006 432 n/a male 4 -19.3908 15.9910
6011 488 n/a male 5 -18.8248 16.1979
6015 460 n/a female 5 -19.6425 14.8640
6054 437 n/a male 4 -18.6347 16.8605
6186 490 n/a female 5 -18.6131 16.2360
6193 442 n/a male 4 -18.5891 14.8639
6244 452 n/a male 4 -19.2156 17.0129
6273 483 n/a male 5 -18.5407 16.0611
6339 475 n/a female 5 -18.9180 15.2093
6367 437 n/a female 4 -19.2234 15.8844
6368 424 n/a female 4 -18.8759 16.0819
Fish ID FL RWT Sex Age Erie1984 C13 Erie1984 N15
60124 456 1453 female 4 -19.7436 18.5129
60135 446 1197 male 5 -20.0942 18.6531
60144 432 1150 male 4 -19.9629 17.8196
60153 435 1479 female 4 -20.0999 17.5944
60154 415 877 male 4 -20.4388 17.4483
60158 459 1329 male 5 -19.7161 17.5951
60159 437 1222 female 4 -20.1998 18.1958
60162 448 1301 male 4 -19.9371 17.0301
60164 452 1337 male 4 -20.0702 18.4511
60170 456 1475 male 5 -19.6242 17.5309
62014 404 912 male 5 -20.1054 17.4017
Fish ID FL RWT Sex Age Erie1997 C13 Erie1997 N15
392 430 1333 female 4 -21.3222 14.1000
397 437 1308 female 4 -21.5771 14.7544
399 435 1330 female 4 -21.1352 14.5537
400 424 1214 female 4 -21.0890 14.5584
552 393 871 male 4 -21.4253 15.4581
553 444 1157 male 5 -21.3254 14.4352
559 465 1343 male 4 -21.8720 13.8456
560 412 1037 male 4 -20.9969 14.3890
562 420 1032 male 5 -22.7027 14.9299
563 410 1212 female 4 -21.6476 15.1536
566 437 1186 female 4 -21.1823 14.2341
Fish ID FL RWT Sex Age Erie2003 C13 Erie2003 N15
4401 436 1108 male 6 -20.7614 14.7120
4407 511 2097 female 9 -20.5959 14.9705
4417 496 2229 female 7 -20.6214 15.0470
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Table A3.2: Table of stable carbon and nitrogen isotopic ratios from lake whitefish 
archived scales. Fish collected from Lake Ontario in October and November. Years fish 
were collected are given in column headings for stable isotopic ratios. Fish ID = unique 
fish identification number, FL = fork length (mm), RWT = round weight (g), Age = age 
(years), Lake = lake stock from Lake Ontario (used in analyses in Chapter 3), Bay = bay 
stock from Lake Ontario, C13 = reported delta carbon-13 in fish scales, N15 = reported 
delta nitrogen-15 in fish scales, n/a = data not available.
Fish ID FL RWT Sex Age Lake1962 C13 Lake1962 N15
4388 454 1225 n/a 6 -20.3563 14.3033
4389 457 1134 n/a 4 -21.0131 13.7486
4390 459 1125 n/a 4 -20.7785 13.5432
4391 482 1465 n/a 5 -20.6405 15.0973
4392 505 1461 n/a 6 -20.1102 14.0782
4476 457 1102 n/a 5 -20.5742 15.2197
4480 462 1202 n/a 5 -20.9002 15.7490
4489 485 1492 n/a 5 -20.5533 13.7559
4531 457 1061 n/a 5 -20.8505 15.1296
4536 469 1520 n/a 5 -21.1082 14.5993
Fish ID FL RWT Sex Age Lake1986 C13 Lake1986 N15
217826 429 850 n/a 5 -21.0422 14.9028
217829 495 1475 n/a 5 -21.6891 14.8265
217839 547 2000 n/a 7 -21.2667 14.5254
217840 515 1800 n/a 7 -20.4172 14.4149
217841 500 1500 n/a 5 -21.3521 15.1626
217843 504 1475 n/a 5 -21.1755 14.5722
219209 582 2400 n/a 8 -21.4827 14.6336
219211 494 1500 n/a 5 -21.5482 15.2258
219212 529 2100 n/a 5 -21.9469 15.9165
219213 585 2800 n/a 9 -20.7908 14.7901
Fish ID FL RWT Sex Age Lake1998 C13 Lake1998 N15
7 494 1165 male 7 -22.3426 14.7574
14 490 1186 male 7 -21.8135 14.8794
20 483 1129 female 7 -22.9565 15.2320
31 450 995 female 7 -22.1979 14.9998
32 485 1039 female 7 -21.2562 13.6069
40 450 935 female 6 -20.2240 12.6285
44 492 1248 female 7 -22.3130 15.2823
68 475 1119 male 6 -22.3077 13.7021
77 473 1024 male 6 -20.7956 15.7687
88 460 1118 female 7 -21.8114 14.2018
Fish ID FL RWT Sex Age Lake2003 C13 Lake2003 N15
205067 544 2097 female 17 -22.1580 13.9110
205090 542 2069 female 17 -21.6714 14.0569
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Fish ID FL RWT Sex Age Bay1986 C13 Bay1986 N15
218115 445 1000 male 4 -23.7801 13.2953
218298 505 2050 female 5 -21.5606 14.6410
218424 516 1650 female 5 -22.1266 14.2197
218472 480 1525 female 4 -22.6226 14.2954
218626 439 1075 female 4 -23.0970 13.8134
218722 439 1025 male 5 -22.2528 14.3746
218746 511 1750 male 5 -21.6341 14.8978
218928 422 750 male 4 -21.9811 15.4507
218986 478 1350 n/a 4 -22.3413 13.4345
219070 460 1250 female 4 -22.5253 14.5886
Fish ID FL RWT Sex Age Bay1998 C13 Bay1998 N15
9 520 1657 female 7 -22.6434 14.3685
16 514 1358 female 7 -22.0977 14.5186
23 453 1086 female 6 -21.8390 13.6290
31 493 1443 female 6 -21.2648 13.9862
35 492 1487 female 6 -22.5521 15.3889
60 488 1241 male 7 -21.7447 15.4058
62 458 984 male 7 -22.5190 14.0497
74 453 1118 male 7 -22.2530 15.4245
96 489 1395 female 7 -22.6261 14.0116
103 450 948 male 7 -22.6728 14.7095
Fish ID FL RWT Sex Age Bay2003 C13 Bay2003 N15
205042 488 1769 female 13 -22.4309 15.0823
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